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THE KERR EFFECT. 1 


1—The Application of the Kerr Ejject to the Determination 
of the Saturation Values for Magnetism of Ferro-magnetic 
Metals, Compounds and Alloys. By §. G. Barxer, 
D.IC., Ph.D., King Edward VII. Research Scholar. 


ReEcEIveD SepremBErR 4, 1916. 


In the year 1876 Kerr! observed that the direction of vibration 
of plane polarised light was altered when the polarised ray was 
reflected from a ferro-magnetic mirror placed in a magnetic 
field. Further work on this phenomenon was done later 
by Gordon,’ Fitzgerald,? Hall,4 Kaz,> Righi,® Kundt,? Du 
Bois, Sissingh,® Zeeman,!° Ingersoll, ay. “Koote,= ‘Loria, 
Martin, 14 and many others. It has been conclusively shown 
that the Kerr effect is only possible in the case of ferro-magnetic 
bodies such as iron, nickel, cobalt, iron oxides, &c., whilst 
diamagnetic bodies like bismuth have shown no appreciable 
effect. As well as the change of the plane of polarisation, yet 
another change is evident—namely, if the incident light is 
plane polarised, the reflected ray is elliptically polarised. The 
major axis of the ellipse corresponds to the new plane of 
vibration of the plane polarised light. In the simplest case 
of nearly vertical reflection either perpendicular or parallel 
to the plane of incidence of the polarised light, and with normal 
magnetisation, the rotation is dependent only on the wave- 
length and the strength of the magnetic field. This simple 
case is ised exclusively throughout this work. 

The dispersion curves throughout the spectrum have been . 
investigated for the Kerr effect by a large number of observers, 
amongst whom Du Bois was one of the earliest, followed later 


err, ““.Phil. Mag.” (5), 3, p. 321, 1877; 5, p. 161, 1878. 

_ H. Gordon, “ Phil. Mag.” (5), 4, p. 104, 1877. 

. Fitzgerald, ‘‘ Proc.” Roy. Soc., 25, p. 447, 1876. 

. Hall, “ Phil. Mag.” (5), 12, p. 171, 1881. 

mt Kaz, “‘ Diss. Amsterdam,” 1871. 

. Righi, “‘ Ann. d. Chem. u. Phys. »” (6) 4, p. 443, 1885. 
Kundt, ‘ * Wied. Ann.,” 23, p. 228, 1884 ; 27, p. 199, 1886. 

_ du Bois, “ Wied. Ann., . 39, p . 228, 1890. 

" Sissingh, ‘ ‘ Arch, Neerland.” (), 27, p. 173, 1894. 

10) P. Zeeman, “ Arch. Neerland.,’ ? 27, p. 252, 1894, 

11) L. P. Ingersoll, ‘‘ Phil. Mag.” (6), 11, p. 41, 1906; 18, p. 74, 1909. 

12) P. D. Foote, “ Phys. Review ” (2), 34, p 96, 1912. 

(23) St. Loria, “ "Ann. d. Phys.,” 38, p. 889, Toi’ 

(24) P. Martin, ‘“‘ Ann. d. Phys.,” 39, p. 625, 1913. 
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by Ingersoll, Loria, Martin and others. Ingersoll has confined 
his attention to the infra-red part of the spectrum and used 
wave-lengths between lu and 34. He accomplished this by 
means of a bolometer method. Du Bois investigated the 
curves for iron, nickel, cobalt and magnetite over the whole 
visible spectrum. In the present work the curves of Du Bois 
have been more accurately re-determined, and the number of 
points taken considerably amplified. These will be discussed 
later. Du Bois found that iron gave a negative rotation from 
the violet to the red with a probable minimum in the ultra- 
violet. Nickel gave a minimum in the yellow, and cobalt a 
minimum in the blue-green. Magnetite exhibited a positive 
maximum rotation in the yellow, and a zero value in the violet. 
Ingersoll prolonged these curves into the infra-red. He 
showed that for iron and cobalt there are well-defined negative 
maxima near A==1u, and then quick decreases in numerical 
value. Nickel showed a more remarkable phenomenon in that 
between the wave-lengths A=1u and A=1-5u the value passed 
through zero. Magnetite exhibited two inversion points. 
Du Bois has closely investigated the relation between the 
magnetic field strength and the Kerr rotation, and established 
the Kerr constant for various metals. Foote* examined the 
curves for ellipticity and dispersion. Loria and von Zak- 
rzewskif attempted to find a relation between the Kerr effect 
and the optical constants of the metals. Chemists and 
metallurgists have placed us to-day in possession of many 
prepared ferro-magnetic substances. Hilpert? has produced 
metaferrites by combinations of different oxides with iron 
oxide. In all cases in this series he has maintained the 
identical structure of magnetite, FeO, Fe.Os, using the latter 
part as the acid radicle and simply substituting CuO, &c., for 
FeO. The iron parts of the compounds evidently carry the 
magnetic properties. 

The object of the present work is to demonstrate the theory 
of du Bois§ that in the case of ferro-magnetic substances there 
exists a proportionality between the rotation (e) and the 
intensity of magnetisation (I). When the maximum mag- 


* P. D. Foote, “ Phys, Review ” (2), 34, p. 96, 1912. 

+ St. Loria and C. Zakzrewski, ‘* Bull.” de Académie des Sciences de 
Cracovie (A), 22, p. 275, 1910. 

t S. Hilpert, “ Ber. Deutsch. Chem. Ges.,” 42, p. 2248, 1909. 

§ H. du Bois, “ Wied. Ann.,” 31, p. 952, 1887; ‘ Phil Mag.,” 29 
p. 301, 1890. : 
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netisation is reached (J), the rotation (ém) will become con- 
stant. According to Du Bois, if the rotation be plotted as a 
function of the magnetising field—-i.e., e=F(H), then the value 
of I, can be found. In the case of an infinite homogeneous 
plate, with normal magnetisation, the point of intersection of 
the straight line 

é=K.1I.=K.H./4n 


and the asymptote é€=constant 


gives an abscissa (v) whose value is 47/,,, where I,, is the 
saturation value. Loria began preliminary investigations of 
this point, but his results obtained with samples of quite 
irregular configuration were not at all concordant. In the 
present work specimens of iron, nickel and cobalt, and many 
other substances whose saturation values had been carefully 
determined, were taken as the groundwork on which to base 
the efficiency of the method. These specimens were all of the 
standard shape discussed later, and were investigated first of 
all. The values so obtained were in excellent agreement with 
those found by other methods. Later in the work various 
other materials of unknown saturation values were examined. 
The great advantage of this method is that the saturation 
value of a substance can be tound when only a very small 
quantity is available. The mirrors used in all the tests were 
of the uniform size 2-5 mm. in radius and 0-5 mm. thick. The 
method ot procedure and the description of the apparatus is 
set out below. The curves plotted show « as F(H), and the 
sign of the rotation is noted in every case. Loria found in his 
work that wave-length had an influence on the saturation value 
obtained. With the same material, using light of different 
wave-lengths, he obtained different saturation values from the 
different curves obtained. This work shows, as would be 
expected, that he was wrong, and that wave-length has no 
influence on the values obtained. His error was probably due 
to the irregular shape of his mirrors and the very few and 
insufficient number of points taken. 


- Description of Apparatus Used. 


The apparatus used is illustrated in the accompanying 
diagram. The light from an arc.lamp (in exceptional cases 
from the sun) was focussed on the slit of a Du Bois* mono- 


* H. du Bois, *‘Zeitshr. f. Instrumenten,,” 31, p. 1, 1911. 
B2 
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chromator, the slit of which was altered in width according 
to the intensity of illumination desired for any particular wave- 
length. In the extreme blue and red regions the slit was, with 
safety, made much wider, but in the green 1=530-0j the 
width was uniformly kept at 0-15mm. The light passed 
through the monochromator and emerged from the same 
through a slit of equal width to the one on which the light was 
incident. It was then immediately focussed on to a Du Bois 
half-shade polarimeter.* In this instrument the beam is 
reflected through an angle of 90 deg. by a mirror. It next 
passes through two Nicol’s prisms and emerges as plane 
polarised light. The polarised beam passes onwards through a 
hole in the arm of a large Du Bois ring magnet, and emerges 
through the pole-piece by a vertical rectangular slit. From 
this it is incident on a small metallic mirror placed on the other 
pole-piece a small distance away. The return beam is received 
in the analyser, and the rotation is measured on the vertical 
scale by an optical arrangement as shown in the diagram. This 
system of taking readings enabled extremely small differences 
in the rotation to be measured with considerable accuracy. 
The light from an illuminated scale was reflected by a plane 
mirror on to another plane mirror attached to the analyser, 
and which rotated with it. From this it was reflected through 
a right-angled prism into a large magnifying telescope, by 
means of which the readings could easily be taken with great 
accuracy. The angle between the Nicol’s prisms was 0-4 of.a 
degree, and the mean error of reading about 0-01 of a minute. 
In certain exceptional cases the light was slightly elliptically 
polarised, but im no case to an extent sufficient to cause 
annoyance orerror. The field was obtained by a large Du Bois 
ring magnet} of resistance 1-5 ohms. After applying strong 
currents it was found necessary to open the magnetic circuit 
and demagnetise the instrument by knocking. The intensitw 
of the magnetic field was measured primarily by a ballistic 
methcd, and subsequently by means of a thin glass etalon with 
silvered back surface. The etalon was placed between the 
poles and the rotation of the plane of polarisation, when 
different fields were existing was measured as before. The 
etalon was always placed close to the metallic mirror—i.e., 
the back pole. Owing to the reflection from the silvered back 


* H. du Bois “Wied. Ann.,” 46, p. 545, 1892. 
t H. du Bois, ‘‘ Wied. Ann.,” 51, p. 549, 1894. 
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surface, the light passed twice through the glass, and therefore 
the rotation observed was double the proper value. On com- 
mutating the current in the magnet coils the resultant rotation 
was four times the simple rotation, and for wave-length 4 
=530-0u0 was 43-26 minutes per kilogauss. The etalon 
had a mean thickness of 0-35 mm. and an angle of slightly less 
than 20 minutes. According to the theory of polar arma- 
tures,* using a vertical slit and with a polar distance of 1-6 mm. 
the field in the back part of the air space should be practically 
uniform. This uniformity was tested for all mirrors used, and 
the results for cobalt and nickel are appended below. A 


[o) 
> 


Slit, 


8 


Field in Kilogauss. 


0 0:2) 70:4." 10°62 10:8) 10 nz. 14 16 
Distance from Sutin mm. 
Fig. 1.—Constancy oF Fretp Cospatr Mirror. 


steady current of 20 amperes was maintained in the magnet, 
and light of wave-length 530-Ouu was used. The etalon was 
placed in various positions across the air space and the rotation 
determined in each case. . Inal] the experiments performed the 
field was found to increase rapidly from the slit towards the 
mid-point of the pole space, and then became constant in the 
neighbourhood of the metallic mirror. Hy this means it was 
experimentally determined that the field immediately in front 
of the mirror was uniform and capable of measurement to 
within | per cent. by the etalon. The correction applied by 
Foote in his work was therefore unnecessary. Tables I. and II. 
give the results of experiment with cobalt and nickel mirrors 
to show the increase in the value of the intensity of the mag- 
netic field across the air space and the constancy of the same in 
the back half of that space. 


* H. du Bois, “ Ann. d. Physik.,” 42, p. 911, 1913. 
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Tasues I, any II. 


Distance of etalon Cobalt mirror, Nickel mirror., 
from slit. Field in kilogauss, Field in kilogauss. 
0-17 mm. 32-48 30-65 
0-60 mm. 33-71 31-88 
0-80 mm. 33-89 32:30 
1-05 mm. 33-94. 32-48 
1-25 mm. 33-94 32-48 
1-43 mm, 33-94 32-48 


All distances were measured to centre of etalon. 


The mirrors for the measurement of the Kerr effect were 
mounted on cones of iron and inserted in a conical space in the 
pole-piece. The mirror itself consisted of a plane disc of 
circular dimensions, 2-5 mm. in radius and 0-5 mm. thick. This 
was the same in all cases. The mirrors were soldered on to 
the cones and then polished to give a plane and highly reflecting 
surface. In order toe obtain uniformity of field (by Du Bois 
theory), the mirror was always placed at a distance of 1-6 mm. 
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from the slit. It was thought that the air in the space between 
the pole-pieces might be a possible source of error in enhancing 
the rotation, so a silver mirror was inserted between the poles. 
As the result of 100 independent readings of the rotation by 
commutating the current in the magnet coils, it was found that 
for the highest fields, using hight 2=506 uu, the rotation was 
0-015’, and consequently ‘within the limits of experimental 
error. After each set of readings for the saturation curve the 
etalon calibration was immediately taken and the field strengths 
calculated. There was no visible increase in the rotation “due 
to the etalon for currents above 20 amperes. 
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Throughout the whole Paper the following notation will be 
used for the various quantities :— 
H=Field intensity in kilogauss. 
I m= Saturation value in C.G.S8. 
Em—Maximum rotation. 
K=Kerr’s constant. 
J==Magnetisation. 
e=Rotation in minutes of are. 
4=Wave-length used in 10-§ mm. 
Sm=Specific magnetisation. 


The sign oi the rotation is taken according to the usual 
convention that in the case of iron it is negative. Pelow are 
appended :— | 

1. The results of the determination of saturation values 
of materials which have been tested by other methods. This 
was done to justify the method. 

2. Determinations of saturation values of ferro- -magnetic 
metals and alloys. 

3. Dispersion curves of these substances which have been 
more accurately determined than before. 


EXPERIMENTS witH Mrtats or Known VALUEs. 


Electrolytic Iron.—(1) This material was kindly given to me 
by Dr. Gumlich, of the Physische Technische Reichsanstalt, 
Berlin, in 1914, and was a piece of iron the saturation value 
of which he had determined by the isthmus method. He gave 


the value as 1,705 C.G.S. units. The results are set out in 
Table IIT. 


Tasie III. 
Saturation curve. Tron (1). A=530-0 wu. 
| Field in Rotation in Field in Rotation in 
kilogauss. minutes, kilogauss. minutes 

2-34 2-54. 21-74. 21-77 | 
4-00 4-20 23-19 22-20 i 
5-68 | 6-00 24-81 22-26 ' 
7-60 8-20 26-51 22-30 ) 
9-13 9.80 32-30 22-68 | 

10-80 11-80 35-83 22-68 

12-28 13-30 36-56 22-68 | 

14-52 15-90 39-44 2-68 

17-51 19-00 40-42 22.68 | 

19-86 20-70 | a ais 


Rotation was negative throughout. 
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The results were plotted in Fig. 3, and it is easily seen that 
the value of x, the abscissa of the point of intersection of the 
asymptote and the saturation curve horizontal produced 

t=471,=21-00 kilogauss. 
Therefore In=1,681 C.G.S. units. 


This agrees very well with the value given by Guinlich, the 
difference being 24, or 1-5 per cent. 


ite wl 
| — es 
a0 mela tlc 
20 aes Os 2) <2) ees ce + ae 
| 
18 cs 7 patel al 
| | 
16 | 
! 
09 ec 


Rotation in Minutes. 
seg te 
oN 


OQ, 2 4 6--8 10 12 14 16 18-20 22 24 26 28.30 32 34 36 38 40 
Field in Kilogauss. 
Fig. 3.—Iron (1). Saturation Curve. 


Dispersion Curve.—The dispersion curve for the Kerr effect 
was also found for this specimen of iron. There is nothing 
unusual or extraordinary in it. The curve shows a rapid rise 
from the blue to the red end of the spectrum. The field used 
was 36-56 kilogauss, and it is evident from the curve, Fig. 3, 
that this is above the saturation value. The observations are 
in agreement with those of Martin and Foote. 

Table IV. shows the figures obtained for the dispersion. 


Tasie LY. 
Wave length Rotation in Wave length Rotation in 
in py. minutes. in whe. minutes, 
442-5 16-70 546-1 23-73 
| - ABT-4 17-40 557-5 24-57 
474-0 18-27 571-5 25-34 
492-5 19-32 599-0 26-33 
515-5 20-79 628-0 27-20 
531-5 22-54 ' 650-0 27-65 
538-5 23-31 690-0 28-56 


Rotation was always negative and the field saturated. 
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Iron.—(2) For this piece of material I have to thank Prof. 


Weiss,* of Zurich, who had determined its saturation value as 
s,=216-1, The-density of the material was 7-86, giving us 
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Wave-length in jp. 
Fig. 4.—Iron (1). Disperston Curve. SPECnmEN SATURATED. 


as value for J,=1,690 C.G.8. The specimen was free from 
sulphur, silicon or manganese, and had been melted in an 
atmosphere of nitrogen. The same process as in the previous 
case was gone through and the curve drawn. The results gave 
as the value of the abscissa of the point of intersection 


=4r1,,—=21-0 kilogauss. © 
Therefore T= 1,68 Cs. 


This value is in excellent agreement with that of Prof. Weiss, 


the error being 9 C.G.S., or 0-5 per cent. ; 


Iron.—(3) This specimen of Swedish iron was supplied by 
the Kolswa Iron Works, and contained 0-22 per cent. of carbon, 
phosphorus, silicon and manganese. Prof. Weiss again sup- 
plied me with his calculation of the saturation value, and gave 


* P. Weiss, ‘‘ Jour. de Phys.” (4), p. 273, 1910. 


a) 
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Sn=216-5 C.G.S. The density was returned as 7-8624, and 
this gives as value of I,,=1,702 C.G.S. 

Two sets of readings were taken, using light of different 
wave-lengths—namely, 2==546-1 and 4=590-Iuy. The satu- 
ration value obtained in both cases was the same. 


TaBiE V. (a) and (b). : 
Saturation curves. Tron (3). (a) A=546-1 wu. (6) A=590-1 wp. 


Field in Rotation in Rotation in 
kilogauss. minutes ((). minutes (6). 

2-89 2-88 3-40 
6-00 6-09 7-06 
9-60 9-77 11-43 
12-40 12-25 14.82 
15-43 15-17 18-43 
17-51 17-05 21-08 

19-67 18-32 - . 22.26 | 
21-71 "19-05 23-10 
23-37 — 19-78 23-73 
24-91 20-25 24.23 
27-07 20-46 24-50 
32-65 20-48 24.99 
36-18 20-59 25-13 

38-08 20-59 25-13 | 


39-70 20-59 25-13 


Rotation was always negative. 


The value of “x” so obtained was 20-95 kilogauss, which 


gives 
20°950 


Im= 4a 


All further tests of the material gave values between 1,668 and 
1,681 C.G.S. Taking the mean of all values found as 1,675 
0.G.8. (being the mean of 25 curves), we find this in good 
agreement with the other value given above of 1,702 C.G.S., 
the error being only 1-4 per cent. 


Dispersion Curve.—The dispersion curve for this specimen 
was found, and the results are set out in Table VI. The dis- 
persion throughout the spectrum was fairly large, and from 
A=500-0 up to A=700-0 wu the curve follows practically a 
straight line. The smaller values of the wave-length show a 
slight inflection of the curve. It is interesting to compare the 
values obtained in the present work with those obtained by 
Foote for a similar specimen. The values are compared in 
Table VI.(a), and are illustrated in Fig. 6. Table VI. gives 
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‘ the results of experiment in the determination of the dispersion 
curve. In this case the arc lamp was not used as the source 
of light, but direct sunlight was focussed on to the shit of the 
monochromator. This additional intensity of the illummation 
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Fig. 5.—Iron (3). 


Upper Curve (A) Wave-length 546, lup (A). 
Lower Curve (B) Wave-length 590, lup (B). 


enabled the readings to be taken much further into the violet 
than before. In all cases the maximum value of the rotation 
is given. 


Tasie VI. 
Dispersion curve. Tron (3). Field strength, 39-70 kilogauss. 

Wave-length Rotation in || Wave -length Rotation in 
in mm. minutes, | IM mb. minutes. 
435-0 ee 531-5 “UAE PE 
442.5 14-95 538-5 20-55 
457-4 15-55 546-1 20-93 
465-5 15-85 | ~ 571-0 22-79 
478-5 16-36 599-0 24-33 
492-5 17-61 | 650-0 27-47 
504-0 18-55 | 690-0 29-75 
515-5 19-15 ene nae 


The field was saturated, 


Wave-length 
In wm. 
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Rotation in 


minutes (Barker) 


minutes (Foote), 


410-0 
440-0 
480-0 
520-0 
560-0 
600-0 
640-0 
660-0 


14-60 
15-00 
16-65 
19-50 
22-10 
24-45 
26-60 
27-94 


15-00 
15-60 
16-80 
19-74 
22-74 
24-78 
26-58 
26-94 


Ratio. 


1-02 
1-03 
1-01 
1-01 
1-02 
1-01 
0-999 
0-964 


Taking as the mean ratio 1-01, we see that the two sets of 


values are in good agreement. 
points further into the violet and red than that of Foote, and 


The present work has found 
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Fic. 6.—Iron (3). 
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FreLD SATURATED. 


also more points were obtained. Many other specimens of 
iron were tested with satisfactory results. 
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COBALT. 


Cobalt.—(1) This specimen of electrolytic cobalt was pro- | 
vided by Merck, and had been fused in nitrogen. Prof. Weiss ) 
has again supplied me with the information regarding his tests 
of the material for the saturation value. He gave the value as 
1,412 C.G.S. The piece was mounted on a cone and tested 
in the same way astheiron. The results are given in Table VII. 
and plotted in Fig. 7. 


Taste VIL. 
Saturation curve. Cobalt (1). A=530-0 wm. 
Field in Rotation in | Field in Rotation in 
kilogauss. minutes. | kilogauss. minutes. 
| 
2-40 2-85 20-28 20-30 
4-76 5-61 i 21-50 20-45 
7-06 8-37 ( 22-43 20-54. 
9-75 11-44 | 27-04. 20-58 
12-13 14-19 | 30-26 20-58 
13-59 15-95 | 31-64 20-58 
15-67 18-20 | 33-02 20-58 
| 17:82 19-65 i 33:88 | 20-58 
! aoe coe 
| 


19-04 20-27: ' 


Rotation was negative throughout. 
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Fig. 7.—Cosaur (1). Saruration Curve. Roratron NEGATIVE. 
From the curve it is seen that 
4=4nI,=17,600 kilogauss. 


Therefore dba =1,400 C.G.S. 
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This value (1,400) is in excellent agreement with that of Weiss— 
namely, 1,412 C.G.S., the error being less than 1 per cent. 
The foregoing affords another example of the accuracy of the 
method for measuring high saturation values. 


Dispersion Curve.—The dispersion curve was observed for 
the first time for a saturated specimen. It gave no indications 
of anything other than that previously observed by Martin 
ior cobalt mirrors which were unsaturated. The definite but 
flat minimum in the green was more closely observed and 
located exactly. A great number of points were taken, and the 
values so obtained are set out in Table VIII. The field was 
maintained at 35-91 kilogauss throughout the whole experi- 
ment, and light from the arc lamp was used. 


Tasie VIII. 
Dispersion curve. Cobalt (1). Field strength, 35-91 kg. 
Wave-length , Rotation in Wave-length Rotation in 

Invi = minutes. in wy. minutes. 
442-5 23-60 546-1 22-36 
457-2 23-37 571-5 22-59 
492-5 22-80 599-0 22-96 
515-5 22-45 618-0 23-24 
525-0 22-31 650-0 23-68 
531-5. 22-30 690-0 24-25 
538-5 22-30 Mie Pee 


Rotation was negative throughout. 


The values given above bear an interesting comparison with 
those obtained by Martin. If his results be multiplied by the 
factor 1-134 the above curve is obtained. The curve is shown 


400 450 500 550 600 650 700 
Wave-length in we. 
Fig. 8.—Cozatt (1). Dispersion Curve. Rotation NEGATIVE. 
in Fig. 8. Table VIII.(a) gives the comparison of Martin’s 
values with those above. 
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Taste VIII. (a). 


Wave-length Rotation in Rotation in Ratio 
in MM. ~ minutes (Barker). | minutes (Martin). j 
483-0 22-95 20-20 1-131 
530-0 22-30 19-74 1-130 
567-0 22-65 19-92 1-137 
615-0 23-20 20-28 1-139 
675-0 24-00 21-15 1-135 


Allowing for the fact that the Martin observations were 
taken with an unsaturated mirror and in this case it was 
saturated, the agreement is good throughout. 


Cobalt.—(2) Another specimen was similarly tested and was 
supplied to me through the kindness of Prof. Merrett from the 
Metallurgical Department of the Imperial College, London. It 
was considered tolerably pure. The whole apparatus was 
maintained as before. The value so obtained from the curve 
was 1,395 C.G.S., which is again in good agreement with 
Weiss’ result for cobalt. Other specimens were tested and 
gave equally satisfactory results. 


NICKEL. 

Nickel._(1) This piece was originally supplied by Merck 
and alterwards fused in nitrogen by Weiss. Prof. Weiss gave 
as its saturation value 490 C.G.8. The mirror was prepared 
and tested in the same way as before, and the curve followed 
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Field in Kilogauss. 
Fig. 9.—NickeL (1). Saturation Curve. Rotation NEGATIVE. 


the usual form. The results of experiment are shown in 


Table IX. 
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Taste IX, 
Saturation curve. Nickel (1). A—590-0 wp. 
Field in kilo- Rotation in Field in kilo- Rotation in 
gauss, minutes, gauss, minutes, 

2-81 11-40 7:80 

4-60 13-21 7:85 

| 672 15-05 7-85 

6-75 16-66 7-85 

7:35 18-16 7:85 

7-60 *19-28 7-85 

7-65 ae ee 


* All readings were constant for higher fields. 
From the curve, Fig. 9, we see that 


a=4rl,,=6,400 kilogauss. 


Whewiore ape oe =509 OG.8. 


This value is a little higher than those before obtained, but 
still the difference is less than 4 per cent. The process of 
soldering to the cone might have had a little influence in raising 
the value. The method is therefore good for substances ot 
weaker magnetisation. 


Disperison Curve.—Great care was taken to determine the 
exact form of the dispersion curve, and more than twice as 
many points as found by Foote were taken. The curve agrees 
remarkably well with his. A well-defined flat minimum was 
found in the region from 2=530-0 wu to 2=550-0 wu, and a 
maximum was observed at 1=600-0 wu, coming again to a 
minimum at A=630-0 wu. These irregularities were very 
carefully observed, and the results were determined with great 
accuracy. Table X. gives the values found. 


TABLE X. 
Dispersion curve. Nickel (1). Field strength, 31-40 kg. 
| Wave-length Rotation in Wave-length Rotation in 

in whe. minutes. in we. minutes. 
442-5 8-316 557-5 7-196 
457-2 8-092 571-5 7-40 
474-0 7-80 599-0 8-05 
492-5 7-52 618-0 7-90 
515-5 7-32 628-0 7-75 
531-5 7-21 650-0 8-076 
539-0 7-21 690-0 8-230 
546-1 7:21 Rees one 


The nickel was saturated and a field of 31-400 kilogauss 
was maintained throughout. 
VOL. XXIX. C 
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Nickel.—(2): This piece was supplied as tolerably pure nickel 
from the Metallurgical Department of the Imperial College, 
London, by Assistant Prof. Merrett. It was duly tested as 
before and gave as maximum rotation 8-05 minutes. From 
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Fic. 10.—Nicxen (1). Dispersion Curve. Rotation NEGATIVE. 


the curve obtained z was found to be equal to 6,450 gauss, 
and this gives as value of J, or the saturation value equal 
to 513 C.G.S. This result is in accordance with the one 
previously obtained for Nickel (1). Other specimens of 
nickel were examined and gave consistent results of a like 
order. 

The method having thus far been tested for ferro-magnetic 
metals, it was next applied to alloys of the same. By the 
kindness of Dr. Gumlich, of the Physische Technische Reich- 
sanstalt, Berlin, specimens of ferro-manganese alloys of known 
saturation. values were obtained. Concordant results were 
again found and the results are set out below. 


ALLOYS. 


Ferro-Manganese.—(1) This specimen was kindly supplied 
by Dr. Gumlich, and had the percentage composition— 


Tron=92-2 per cent. 


Manganese== 7:8 per cent. 


Dr. Gumlich gave as the saturation value 1,360 C.G.8. With 
light of wave-length 1=530-0 uu, the maximum rotation was 
found to be 19-70 minutes, and throughout the whole experi- 
ment was in the negative direction. Table XI. gives the values 
obtained for the saturation curve. 
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TasLe XI. 
Saturation curve. Ferro-Manganese (1). A=530-0 un. 
Field in Rotation in Field in Rotation in 
kilogauss, minutes, kilogauss, minutes. 
2-536 3-0 19-320 18-83 
4-000 4:7 21-980 19-60 
4-602 5-4 23-560 19-70 
5-323 6-2 24-090 19-70 
7-399 8:8 26-080 19-70 
8-303 98 31-660 19-70 
9-745 11-5 35-330 19-70 
11-820 14:0 37-000 19-70 
14-899 16-63 39-070 19-70 
17-510 18-34 39-610 19-70 


The rotation was negative. 
From the curve so obtained (Fig. 11) we find that 


a=4a1,=16,750 kilogauss. 


Im An 


Therefore 1,333 C3G.8. 


This is in excellent agreement with the value given by Gum- 


lich (1,360), the error being less than 2 per cent. 
aCe | 
ba 
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Fic. 11,—Ferro-Maneanese (1). Saturation Curve. 

NEGATIVE. 
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Ferro-Manganese.—(2) This specimen was also supplied by 
Dr. Gumlich, and was a piece which he had himself tested by 
the isthmus method. The usual mirror was prepared and 

C2 
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mounted in the large Du Bois magnet 2s before. The com- 
position of the piece was given by Gumlich as | 


Iron=89-6 per cent. 
Manganese= 10-4 per cent. 


Light of wave-length 2=530-0 ji was used, the same as in the 
case of specimen (1). The maximum rotation fell from 19-70 


400 450 500 550 600 650 700 
Wave-length in wm. 


Fig. 12.—Iron-Cosatt Antimony ALLoy. DispERsion Curve. 


to 13-16 minutes. This shows that the introduction of 2-6 per 
cent. more manganese had the effect of considerably diminisb- 
ing the rotation. As before, the rotation was negative. From 
the curve obtained it was seen that $s 


r=42I,=10,970 kilogauss. 


Thicketote | Tm 2873, Oe. 

As ——<—_—_—— 
Dr. Gumlich gave his value as 885 C.G.S., and by comparison 
of figures the close agreement of the two methods is readily 
yeen, the error being less than 1-4 per cent. 
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The foregoing examples are sufficient to demonstrate the 
efficacy of the method for measuring saturation values of 
highly magnetic substances. In this case the error from other 
recognised methods is never more than 2 per cent. When 
bodies of less magnetic power are tested, then the error is 
perhaps a little greater, but in no case greater than 4 ; per cent. 
The apparatus was now used to determine the saturation values 
of bodies hitherto untested, and which in many cases could 
only be obtained in small quantities. In all cases mirrors were 
prepared as before and highly polished. In some few cases 
the dispersion curves were also determined. According to 
the results obtained above the differences between the experi- 
mental values and those obtained from the theory of Du Bois 
are very small. With regard to bodies of low magnetic value, 
the possible reduction of the percentage error is occupying 
my attention, and already more accurate readings have been 
obtained. In the cases below, where the saturation value is 
below 500 C.G.S., the results can be regarded as correct to 
within 3 per cent., ‘whilst: for bodies of higher values | per cent., 
or at the most 1-5 per cent., is the limit of error. 


Ferro-Cobalt-Antimony.—This alloy was supplied trom the 
collection of Prof. Du Bois, and contained . 


Tron=66 per cent. 

Cobalt=30 per cent. 

Antimony= 4 per cent. 
Using light of wave-length A=530-0 wu, @ Maximum rotation 
of 23-66 minutes was obtained in the negative direction. The 


curve followed the usual form. 
The value found for z on plotting the values obtained was 


r=4a1,=19,600 kilogauss. 


reactors eee eee 607 C.G.S. 


An alloy of these three metals gives, therefore, a high satura- 
tion value. The dispersion curve was also determined for this 
specimen and the result is set out in Table XII. 


bo 
bo 


DR. S. G. BARKER ON 


Taste XII. 
Dispersion curve. Alloy Fe-Co-Sb. Field =32-94 kg. 

Wavo-length . Rotation in Wave-length | Rotation in 
in mu. minutes. in wm. | minutes. 
442-5 19-74 597-5 26-81 
457-4 20-33 571-5 27-68 
474-0 21-81 599-0 | 29-43 
492-5 23-24 628-0 31-92 
515-5 24-57 650-0 32-30 
531-5 25-65 690-0 32-52 
546-1 26-18 ee ae 


Rotation is negative. 


The curve is quite regular, and shows a steady increase from | 
4=440 wy to A=610-0 wu. After this point is reached it bends 
sharply and shows a very small increase from 14610 uu to 
4=700 wu. There is a tendency towards a minimum value 
in the violet and towards a maximum in the red. 


Ferro-Cobalt.—This was given me by Prof. Weiss, and was 
stated to be a compound of the formula Fe,CO. It was the 
outcome of a fusion of the two metals by Weiss and yon 
Freudenreich. Using 1=530-0 wu, the maximum negative 
rotation was found to be 27-64 minutes. The curve obtained 
gave x equal to 23-300 kilogauss, and this furnishes us with a 
saturation value of 1,850 C.G.S. Both the rotation and the 
saturation values found were high. 


Ferro-Nickel.—This was also kindly supplied by Prof. Weiss 
from the same source as the ferro-cobalt. It had the definite 
composition shown by the formula Fe,Ni. The material gave 
an excellently polished mirror, and using light of wave-length 
4=530-0 the maximum negative rotation was found to be equal 
to 15-05 minutes. The results are shown in Table XIII. 


Taste XIII. , 
Saturation curve. Ferro-Nickel. A=530-0 uu. 
Field in Rotation in Field in Rotation in 

kilogauss, minutes. kilogauss. ) minutes, 
2-436 | 3-28 10-74 | 13-86 
3-835 5-40 12-81 14-56 

_ §:234 7-20 15-52 14-86 
7-038 9-68 17-14 | 15-05 
8-121 11-21 19-13 15-05 
9-204 12-50 Bee 


Rotation is negative. Rotation is constant for all higher fields. 
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This curve, when plotted as in Fig. 13, gives c=11-00 kilo- 
gauss, and this gives as the saturation value Im_,—=875 C.G.S. 
16 — 
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Fig. 13.—Fmrro-NickeL. Saturation Curve. Rovration NEGATIVE. 


Cobalt-Silicon.—This alloy was prepared at the Metallur- 
gical Laboratory of the Imperial College, London, by kind 
permission of ‘Asst. Prof. Merrett. It had the percentage 
composition— Cobalt=98 per cent. . 

Silicon= 2 per cent. 
Using light of wave-length 4=530-0 wu, a maximum negative 
rotation was attained of 20-52 minutes. A regular curve was 
given, and the point of intersection showed a= 13-80 kilogauss. 
Thus we have as the saturation value 
Im =1,094 C.G.8. 


Cobalt-Chromium.—The specimen was prepared as above in 

London and had the composition— 
~ Cobalt=87 per cent. 

Chromium=13 per cent. 
With all conditions as before, the substance gave a maximum 
negative rotation of 13-72 minutes. From the graph so 
obtained « was found to be equal to 11-22 kilogauss, given as 
the saturation value 

E5800 C: G28, 

Cobalt-Chromium-N ickel.—P rof. Tammann, oi the University 
of Gottingen, sent me the piece tested, and kindly gave me the 
analysis of its composition as 

Cobalt=83 per cent. 
Chromium= 15 per cent. 
Nickel= 2 per cent. 
The curve was of the usual order, and gave a negative maximum 
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rotation of 8-96 minutes. By deduction therefrom the value 
of c=9-75 kilogauss, which renders the value of [,,=775 C.G.S- 
The wave-length used was 4=530-0 wy. 


Cobalt-Tin.—The specimen was fused in the Metallurgical 
Laboratory of the Imperial College, London, and on analysis 
had the percentage composition— 


Cobalt=93-2 per cent. 
Tin= 6:8 per cent. 
The mirror was prepared and tested as before, and with light. 
of wave-length 1=530-0 wu gave a negative maximum rotation 
of 14:3 minutes. The curve presented an abnormal appear- 
ance, insomuch that the transition portion is almost evanescent 
and the saturation point is almost reached before the bend 
occurs. The turn is very sharp and very small in gradient. 
The results are set out in Table XIV. 


Taste XIV. 
Saturation curve. Cobalt-Tin. A=530-0 wy. 
Field in * Rotation in Field in Rotation in 
kilogauss, minutes. kilogauss. minutes. 
2-526 2-48 13-90 14-14 
3-900 3°37 16-06 14-21 
5-500 5-47 18-95 14-24 
7-210 7-19 19-86 14-28 
8-480 8-49 21-39 14-30 
9-920 9-98 22-92 14-30 
11-370 11-30 fs ee 


~The rotation remained, constant at 14-3 minutes for all higher values of 
the magnetic field. Rotation was negative. 

From the above figures, when plotted in Fig. 14, thetvalue 
of x is estimated as z=14-19 kilogauss. ; 
Therefore T= 15129'C:G: Se 
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Fie. 14.—Copatr-Tin. Saturation Curve. Rotation NEGATIVE. 
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A specimen of a cobalt-tin alloy which had been tested five 
years previously, and found to be magnetic, by Martin, was 
re-tested by Martin after three years and gave no rotation. 
The specimen was re-tested in the present work—i.e., two years 
later—and again gave no result. It was then maintained at a 
temperature of 100 deg. Centigrade for two days and re-tested. 
Again a negative result was obtained. It was apparent, there- 
fore, that in the five years some change had taken place in the 
alloy. The piece tested in Table XLV. is almost identical in . 
composition with the original of Martin. This apparent ageing 
of the alloy we have been unable to explain up to date. 


Cobalt-Antimony.—The material was prepared in London by 
the kindness of Prof. Merrett, of the Imperial College, who 
gave its percentage composition as 


Cobalt=88 per cent. 
Antimony= 12 per cent. 


The usual curve was obtained, with light of wave-length 4 
=530-0 uu, and it presented no peculiarities. The maximum 
negative rotation was 18-72 minutes, and the value of x found 
was 14-50 kilogauss. The saturation value deduced from this 
gives 

In=1,155 C.G.S8. 


MinERALs, &c.—Magnetite, FeO, Fe,0,. Magnetite (1), 
(2) and (3). 


General Remarks.—According to the curves for dispersion 
obtained by Loria and Martin in the case of magnetite, there is 
a negative rotation in the blue about wave-length 4=450°0 wu 
and a positive rotation in the orange-red about wave-length 
A4=600-0 wu. In all cases where the saturation value of this 
substance was found two curves were taken using light of 
wave-lengths 2==450-0 wu (blue) and 2600-0 wu (orange- 
red). In the first case the rotation was negative, and a slit 
width of 0-30 mm. was used on the monochromator. In the 
second case the rotation was negative and the slit width was 
decreased to 0-15 mm. 


Magnetite.—(1) This specimen was taken from the end of an 
electrode and mounted in the usual way. Using light of wave- 
length 2=450-0, the maximum negative rotation obtained was 
1-89 minutes, and using light of wave-length A4=600-0 wy, the 
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maximum positive wave-length was 3-83 minutes. Both 
curves gave exactly the same value for z—namely, 


x2—5-190 kilogauss, which gives J,,=413 C.G.S8. 


Magnetite.—(2) This specimen was kindly provided by Prof. 
Weiss, who stated that it had been artificially prepared. It 
was in an amorphous condition, and so had to be compressed 
strongly on to the cone prepared for insertion into the pole- 
_ piece of the magnet. In this way a mirror with a fairly good 
polish was obtained. Using the two wave-lengths as before, 
two good curves were traced. With wave-length 1=450-0 wy 
the maximum negative rotation was 1-10 minutes, and using 
wave-leneth 2=600-0 uu the maximum positive rotation was 
2-25 minutes. Again both curves gave identical values for 
L—VIZ., 


xz=5-100, and therefore J,,=406 C.G.S. 


The two results are in good agreement. 


Magnetite—(3) This was a piece of natural mineral taken 
from the collection of Prof. H. du Bois. It was carefully 
mounted, asin the case of the earlier specimens, and the tests 
applied, using light of two wave-lengths as before. The curve 
obtained using light of wave-length 1/=450-0 wu gave a 
maximum negative rotation of 2-0 minutes, and the maximum 
positive rotation obtained with light of wave-length 2=600°0 wu 
was 3-20 minutes. ~ ; 

The results of the two tests are set forth in Table XV. (a) and 
(6), and are traced in Figs. 15and 16. The upper curve is the 
positive one. 


TaBLE XV. (a) and (5). 
Saturation curves. Magnetite (3). (a) X=450-0 wu. (6) A=600-0 up. 


Field in kilogauss. X=450-0 py. rotation = 600-0 uu rotation 
in minutes (negative), in minutes (positive). 
1-00 | 0-40 | 0-675 
2-30 0:95 1-50 
i 4-10 1-7 | 2-75 
4-95 2-00 3:20 
6-55 2-00 3-20 
7-20 2-00 3-20 
8-25 2-00 | 3.20 
9-50 2-00 3-20 
11-60 2-60 3:20 


For all higher values of the field the rotations were constant. 
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Figs. 15 and 16 both show the same value for z—namely, 
the value of z=4-850 kilogauss, therefore I, =383 C.G.S. 
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Fias. 15 anp 16.—Magnetite (1). Saturation Curves. 


Franklinite (ZnO, Fe,0;).—This specimen was also loaned 
__ by Prof. du Bois from his collection, and had the composition 
as expressed by the formula above. In order to select a 
suitable wave-length for the determination of the saturation 
curve, it was necessary to first determine the dispersion curve. 


Taste XVII. 
Franklinite. Dispersion curve. Field = 27-34 ke. 
Wave-length | Rotation in Wave-length Rotation in 
in we. minutes. in me. | minutes, 
442-5 | —1-40 | 557-5 +0-78 ! 
457-4 —1-26 571-5 +0-92 
474-0 —1-09 599-0 +0-98 
492-5 —0-65 628-0 +1-05 
515-5 +0-00 650-0 +1-12 
531-5 +0-30 690-0 +1-19 
546-1 +0-42 ae oe 


The procedure was just as usual, and the curve obtained very 
interesting. It commenced with a negative incline and passed 
through a zero value at 2=515-5 wy. After this it made a 
slight dip on the positive side, and then bent sharply round at 
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1=570-0 wu. The curve then increased slowly towards the | 
higher values of the wave-length. Throughout the whole 
experiment the field was saturated and maintained at 27:34 
kilogauss. Table XVII. and Fig. 17 show the results. 
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Fic. 17.—FRankKLinitre. Dispersion Curve. Roration NEGatTivE AND 
POSITIVE. 


Saturation Curve.—From the foregoing curve it was thought 
best to select a wave-length of A=450-0 wu for the determina- 
tion of the saturation curve. This entailed a monochromator 


Taste XVIII. 


Saturation curve. Franklinite. A=450-0 wm. 
Field in Rotation in Field in | Rotation in 
kilogauss, minutes, kilogauss, minutes. 
0:8 0:5 3°7 1-19 
1-1 0:7 4:9 1-19 
1-7 1-1 5-8 -1-19 
2-85 1-19 7-5 1-19 
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Fie, 18.—FRANKLINITE. SATURATION Curve. Roration NEGATIVE. 


sht width of 0-3 mm., and the rotation was negative throughout 
the whole curve. The results obtained are set out below in 
Table XVIII, and the curve shown in Fig. 18. 
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Fig. 15 gives the value of — 
xz=1-870 kilogauss. 
‘Therefore I= 149 C.G.S. 


Cupri-ferrite (CuO, Fe,O3).—This specimen was supplied as 
before by Prot. du Bois, and had the composition represented by 
the formula above. According to previous workers, it gave a 
positive rotation, and taking a monochromator slit width of 
0-3mm., light of wave-length 2=477-0 ju was used for the 
curve. The usual series of values was obtained and Table XIX. 
gives the results. 


Taste XIX. 
Cupri-ferrite. Saturation curve. A=477-0 wp. 
Fieldin | Rotatioin || Field in Rotation in | 

kilogauss. minutes. kilogauss. minutes. 

0-75 ab Oed 4-1 41-65 

12 40-6 5-15 41-68 

1-9 +0-95 7-50 +1-68 

Sot 41-55 i. a 


Rotation is positive and is constant for all higher field values, 


The curve quickly attains its maximum, and from it we 
find the value of 
x=3-350 kilogauss, 


which gives I n=266 C.G.S. 
ae tol 2 ee 
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Fig. 19.—Curri-Ferrite. Saturation Curve. Roration Posirtvs. 
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In the final table are set out the whole of the values found 
by thismethod. The reliability of it is well proved in the first 
cases tested, and, as mentioned before, it is particularly good 
when only small quantities of the materials to be tested are 
available. In conclusion, I should like to thank most heartily 
Prof. H. du Bois, of Amsterdam and Berlin, for so kindly 
placing his apparatus and advice at my disposal for the work, 
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Prof. Weiss, of Zurich, Dr. Gumlich, of Berlin, Asst. Prof. 
Merrett, of London, for so generously providing me with 
specimens, and Mr. J. Stephenson, A.R.C.Sc., B.Sc., for help 
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during the writing of this Paper. 


Maximum 
Material. rotation 
in minutes. 
Mrond(L) Pe ceeacer ecoceen —22-68 
Erony(2) ert teas cecess —18-97 
—20-59 
IBRovaN(G)) asecaeeéecceer { 95.13 \ 
Cobalt) te .cccscce-ss —20-58 
Cobalt (2) ............ —21-00: 
INickeli(L)) .c.csc.cs0<s — 7:85 - 
INickell(2) |S evc.cnceces — 8:05 
Ferro-Manganese (1) —19-70 
Ferro-Manganese (2) —13-60 
Tron - Cobalt - Anti - —23-66 
mony. 
Ferro-Cobalt ......... —27-64 
Ferro-Nickel ......... —15-05 
Cobalt-Silicon  ...... —20-52 
Cobalt-Chromium ... le 
Cobalt-Chromium- ; — 8-96 
Nickel. 
Cobalt-Tineescs-ccee ts —14-30 
Cobalt-Antimony ...) —14-50 
Magnetite (1) ......... nee 
Magnetite (2) ...:..... Tae 
Magnetite (3) ......... hes 
Franklinite ......... —1-19 
Cupri-Ferrite ......... +1-68 


Satura- 


Otherwise 
tion Wave- found Source 
value | length used | saturation of 
found in in MM. value in - material. 
C.G.8. C.G.S. 
1,681 530-0 1,705 Gumlich 
1,681 530-0 | 1,690 | Weiss...... 
546.1 = 
1,675 { 590-1 \ 1,702 Kolswa...... 
1,400 530-0 | 1,412 Weiss......... 
| 
1,395 530-0 1,406 Merrett ...... 
509 590-0 490 Weis8ecccscene 
513 530-0 ee Merrett ...... 
1,333 530-0 1,360 Gumlich 
873 530-0 885 Gumlich 
1,607 530-0 Du Bois...... 
1,850 530-0 Weiss......:.. 
875 530-0 WEISS cc. cccses 
1,094 530-0 London ...... 
880 530-0 London ...... 
75 530-0 Tammann 
1,129 530-0 Merrett...... 
Mays) 530-0 Merrett...... 
Rie 
413 ane \ Electrode 
AO Lae AOS | Weiss......... 
¢ 450- 
383 ev Du Bois...... 
149 450-0 Du Bois...... 
266 477-0 | Du Bois....:. 


THE KERR EFFECT. 


(Sie) 
— 


ABSTRACT. 


The Paper describes work carried out in the laboratory of Prof. 
Du Bois on the relation between the intensity of magnetisation of 
various ferro-magnetic materials and the rotation of the plane of 
polarisation of plane polarised light reflected from a polished surface 
of the material. , The specimens, in the form of circular discs 5 mm. 
in diameter and 0-5 mm. thick, were soldered to one of the pole 
pieces of a large electromagnet. Through an aperture in the other 
pole, monochromatic light, polarised in two nearly coincident planes 
by means of a Lippich polariser, was incident almost normally on 
the polished surface of the specimen. The reflected beam passed 
through an analyser, the rotation of which could be measured, by 
means of an auxiliary optical system, to a high degree of accuracy. 

In the first part of the Paper results are given for a number of 
materials of known magnetic properties in order to establish the 
validity of the method, due to Du Bois, of obtaining the value of the 
saturation intensity from the curve connecting field strength with 
rotation. The method is then applied. to materials of unknown 

‘properties. The variation of the Kerr ‘constant with the wave- 
length of the light was also determined for a number of substances. 


DISCUSSION. 


Mr. D. Owen asked if the Paper, in addition to establishing the view that 
the rotation was proportional to the intensity of magnetisation, brought 
forward any new results that were useful to theory. For instance, he 
recoliected a Paper by B. Hopkinson, in which it was found possible to 
obtain an intensity of magnetisation greater than that obtainable with 
pure iron, and he noticed that in the present Paper there was an alloy of 
iron and cobalt which exceeded pure iron in saturation intensity. Was 
it now taken for granted that it was possible in an alloy to obtain mag- 
netisations greater than that of either component, or were the results in 
the Paper somewhat novel in this respect ? 

Dr. SmirH said that saturation intensities of magnetisation were of 
importance for various reasons. For instance, as Weiss had shown, it 
was of theoretical interest to know their temperature variations. Again, 
in the case of a ‘‘ mechanical ” mixture of two substances, the saturation 
intensity would be related in a simple manner to those of the constituents. 
There was much evidence that annealed steels are mixtures of iron and 
iron carbide. Hadfield and Hopkinson, in the Paper which had been 
mentioned, had shown that the saturation intensities of magnetisation of 
such steels were compatible with this view, and had deduced a value 
for the saturation intensity of the carbide. It would have been of 
interest if Dr. Barker had determined the latter directly, as had been his 
intention, before the work was interrupted. Alloys were not, however, 
always simple mixtures. The steel examined by Hopkinson and Hadfield 
to which Mr. Owen had referred, was a nickel steel, and its total magneti- 
sation was greater than the sum of those which its constituents would 
have exhibited separately, although it was not as great as that of , ure 
iron. The reason probably was that nickel-iron alloys form solid solu- 
tions (mixed-crystals) instead of mechanical mixtures. The same is 

robably true of cobalt-iron alloys, although in this case a material can 
be obtained (possibly a compound) whose saturation magnetisation is 
actually greater than that of pure iron. It had been proposed to use this 
alloy commercially. Other solid solutions were known in some of which 
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the magnetisation was greater, and in others less, than that which 
mechanical mixtures of the components would have exhibited. 

Dr. P. E. SHaw (communicated remarks): The peculiar features of the 
interesting method employed by Dr. Barker are the smallness of the speci- 
mens and the largeness of the field used. In order to obtain rotation effects 
of fair magnitude it would seem to be necessary to deal exclusively with 
magnetic materials of ferromagnetic strength, and even then to employ great 
fields. This limitation in the scope of the method is, however, counter- 
balanced by the great advantage of being able to experiment on very small 
quantities of the magnetic substance. It would thus seem easy to conduct 
useful experiments on the change in magnetic quantity of the small specimens 
when the conditions as to temperature, annealing and static treatment are 
varied, all of which tests might be difficult with large specimens. Throughout 
the Paper the values of \ are given in terms of uu. The unit here meant is 
one-millionth of a millimetre, which is now, according to recent changes in 
nomenclature, styled mu. The Society recently sanctioned this change. 


| 
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II. The Influence of the Time Element on the Resistance of a 
Solid Rectifying Contact. By Davin Owen, B.A., B.Sc., 
Birkbeck College and Borough Polytechnic Institute, 


London. 
RECEIVED OotoseEr 2, 1916, 


Tue properties of a rectifying contact may be studied by 
examining the curve connecting its resistance with the value of 
the steady applied voltage. In a previous Paper* some 
examples of such curves, or resistance characteristics, were 
given, and from its properties an expression was found for the 
sensitiveness of the contact treated as a rectifier of high-fre- 
quency oscillatory currents. It is, however, {n obvious 
experimental fact that the resistance of a contact depends 
appreciably on the time of application of the voltage. Con- 
‘siderable definiteness is secured by applying the testing voltage 
for a small fraction of a second. The form of the character- 
istic determined in this manner is, moreover, explicable in 
terms of simple thermo-electric considerations. Experiments 
since carried out with the object of more fully determining the 
influence of the time element form the subject-matter of the 
present Paper. 

The results have a bearing in the first place on the calcu- 
lation, above alluded to, of the sensibility of a wireless re- 
ceiving circuit including the contact. They have a further 
interest in their bearing on the thermo-electric theory of the 
contact ; in connection with which arises the question of the 
location to be ascribed to the thermal effects which (on this 

theory) accompany and give rise to the observed variations 
of electric resistance. 

The conclusion is reached that there is present at the inter- 
face of the contact a stratum of molecular thickness in which 

resides a considerable proportion of the total resistance of the 
contact ; and that it is only the changes occurring within this 
stratum that are capable of causing rectification at frequencies 
such as are used in wireless telegraphy. 

The subject of the time-lag of resistance at a contact has 
been previously examined by Pierce,t who, in experiments 
made with alternating currents of 80 ~~ was unable to detect 
the existence of any lag. From thé observations recorded 
below it follows that such a lag is necessarily present, though 

* “ Proc, Ph. Soc., London,” Vol. XXVIII., p. 173, June, 1916. 
+“ Phys. Rev.,” 1907. 
VOL. XXIX. D 
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not to an extent which would be probably appreciable in | 


cathode ray oscillograms taken under the conditions of the 
experiments quoted. | 


The Method of Measurement. : 

The Wheatstone Bridge was again employed. It is required 
to measure the resistance of a contact at a known time, which 
may be a small fraction of a second, after completing the 
battery circuit. When the time is a second, or more, the 
ordinary method of obtaining a balance can, of course, be 
employed. For the shorter times a ballistic method was sub- 
stituted. The galvanometer key being closed, the battery 
circuit is closed for the period determined upon ; the process 
being repeated until, by adjustment of the variable arm, the 
galvanometer throw is reduced to zero. 

Two methods of making the battery circuit were used. For 
the shortest periods—from zg, second to 34, second— 
the circuit was closed by allowing a polished metal ball or ring 
suspended by a fine wire to strike the filed and polished surface 
of a heavy piece of steel plate. The duration of the collision 
depends on the ball or ring used, and to a slight extent on the 
distance of its withdrawal from the plate before release. This 
time was independently ascertained by measuring the charge 
communicated, during the collision, to a mica condenser in 
series with a resistance of known and suitable value. The 
data thus obtained are given below :— 


Tasie I.—Periods of Collision. 


No. —— = 
1 | Steel bicycle ball, diameter 0-71 cm. ............ 0-000025 second 
2 Brass sphere, diameter 2-54 Cm. .........sscseeeee 000012, 
3 | Brass sphere, diameter 5-lem. . 0-00026_—s«,, 
4 | Brass ring, diameter 5-0 cm. 000036, 
5 | Brass ring, diameter 10-0 cm. -| 000082 ,. 
6 | Brass sphere, diameter 21 7 cm. ............00.00 000112 ,, 
7 | Manganin wire ring, diameter 10cm. ....... 0-0031 sh 


At the shortest periods the difficulty naturally arises of 
maintaining the sensibility of the bridge. A Broca galvano- 
meter of 1,000 ohms was employed, and the bridge was 
arranged to give as far as possible maximum sensibility. The 
sensibility was then increased by repeating the collision a 
number of times in rapid succession. It was found that this 
could be done satisfactorily by hand. The ball was first 
soldered to a suitably stiff wire which was then insulated with 


A RECTIFYING CONTAOT. 35 


silk and used as a handle. It is possible in case of the bicycle 
ball to strike the steel plate some five or six times per second. 
Since the period of the galvanometer needle was about 10 seconds, 
one could use with effect some 15 strokes, thereby gaining an 
increase in the accuracy of measurement in nearly that pro- 
portion. In this way it was found that a resistance of 1,200 
ohms was measurable to within one ohm when the period of 
closure of the battery circuit was 0-000025 second, the voltage 
applied to the bridge being 2 volts. Since the interval b2tween 
successive strokes is about one-fifth of a second, a time very 
large compared with the duration of one contact, the e is no 
doubt that the resistance which the operation furnishes is that 
corresponding to a single stroke. 


Fig. 1.—DracramM oF BripGe For BALustTic Txsr. 
The battery circuit is momentarily completed by allowing the ball or 
ring 6 to collide with the metal plate 7’. 

This collisional method becomes inconvenient when the time 
of contact required is greater than about 0-005 second. For 
times ranging between 0-005 second and 0-5 second a revolving 
dise of wood of diameter 14 cm. was used, into the periphery 
of which were let several sectors of brass of differing size. 
Metallic connection could be made between any one of these 
and the spindle, which was of gun-metal. Circuit was com- 
pleted through brass brushes. The disc could be driven 
}uniformly at any speed between 50 and 150 revs. per min. It 
is easy by means of a simple key to confine observations to the 
effect of a single closure of the circuit. The electrical con- 
nections of the bridge are shown in the diagram of Fig. 1. 
D2 
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Theory of the Ballistic Bridge.—-When one of the four arms of | 
a Wheatstone Bridge contains a resistance which varies during 
the period of application of the voltage, it is evidently im- 
possible to find a balance in the sense that no current whatever 
flows in the galvanometer branch. It is possible, however, 
to adjust the variable arm so that the total quantity of elec- | 
tricity passing through the galvanometer is zero. 
Let R denote the instantaneous resistance of the contact | 
under test; P,Qand S, the resistances of the remaining arms ; 
and G the resistance of the galvanometer. The resistance of | 
the battery branch may be kept negligibly small ; this results 
in some simplification in the theory. Let 
V =voltage across bridge (A to C), 
v=instantancous voltage across R (B to C), 
7=instantaneous current through R, 
t=time from instant of closure of battery circuit. 
t=total period of closure of circuit, 
v andz denote mean values of v and ¢ over the time ¢. 
Applying Kirchhofi’s equations, and observing the condition 
that the integral flow of electricity through the galvanometer 
is zero, we have at balance 


P_fRidt fodt 
Q sSidt Sfidt Si ’ 


therefore f 32 ee ee 
Q a 

Again v=V—Si=V LA 2) 

U=VY —HDt=Y ee ere CS nee ts 

2 P+Q’ ; 
MELO 

whence = ee 

. arc? nm) ©) 


It will be seen that v and 7 are at once calculable in terms of 
V and the resistances of the three known arms. 

From a series of measurements with different values of t a 
curve can be drawn connecting 7 and ¢. From this may be 
determined the value of the current at the end of any time 
within the range employed. For since = “dt, it follows by 
differentiation that if 0 


im t(9) . Eo a eae 


e 
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The simultaneous values of v and R at any moment can 
_ thence be calculated. The expression found for the former is 


yay ESTPOTHP +O) . PQOS+GS(P+Q) 
PAOHS+GE)(P+Q)  —* PO+(G+8)(P+Q)* 


Having thus calculated v, the value of the resistance at 
the same instant may be found, since 


eer ml 1 et n'a? 1(G) 


Tt will be observed that the-expressions for instantaneous 
values involve the galvanometer resistance. 

It was found that the curves thereby obtained connecting 
R and v were of the same general trend as those connecting 


(5) 


Q 
fore, plotted to represent R and v respectively in the charac- 
teristic curves shown in the Paper. 

The balance is independent of the inductances in the bridge 
network, since the initial and final values of all the currents 
are zero. 


P = -. 
~. iS and Pew. : P40): The latter quantities were, there- 


Statement of Results of Observation. 


Experiments were conducted on zincite, galena, and car- 
borundum ; the other element of the contact being platinum 
in each case. Two sets of determinations were made, one 
connecting # and_v (t constant) ; the other connecting R and ¢ 
(v constant). The results are expressed in the accompanying 
curves and tables. 

Attention was concentrated mainly on zincite, owing to the 
reliable nature of the contacts which this material furnishes. 
Many points of contact were tried. Two sets of resistance 
‘characteristics, obtained from two of these points, are given 
in Figs. 2 and 3; they include the main features found in all 
the tests. Parts of the curves are omitted where excessive 
closeness might cause confusion. It may be seen that— 

(1) For current across the contact from zincite to platinum 
the resistances increases with time, the reverse being true 
when the current is in the reverse direction. This result holds 
at all values of the voltage. The changes are more pronounced 
for the first mentioned direction of current. The curves all 
pass through the same point at zero voltage. 
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20. «15 1:0 05 ) 05 10 ise 20 
Platinum—> zincite. Zincitte—=> platinum. V (volts). 
Fig. 2.— RESISTANCE CHARACTERISTICS FOR VARIOUS PERIODS OF APPLICATION 
OF VOLTAGE. (ZINCITE-PLATINUM.) 


1:0 15 2:0 25 30 
Zincite——> platinum. V (volts). 
Fic. 3.—RESISTANCE CHARACTERISTICS FOR VARIOUS TIMES OF APPLICATION 

OF VoLTAGE. (ZINCITE-PLATINUM.) 
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(2) The effect in the neighbourhood of zero voltage is a 
slight increase in the slope, or voltage-coefficient, with increase 
in the time of application of the voltage. 

(3) At higher voltages, for current from zincite to platinum 
(across the contact) the increase of resistance with time may 
be so great as to produce a minimum point M, in the charac- 
_ teristic. This effect is in some cases (see Fig. 2) great enough 
to obliterate the first maximum, which is characteristic of all 
the curves when 7 is small. 

(4) When the voltage is increased to a value between 2 
and 3 volts, there is a steep fall in the characteristic. At the 
larger values of t this is preceded by a second point of maxi- 
mum, which is more conspicuous for some contacts than for 
others. (Cf. M, in Figs. 2.and 3.) 


R(ohms.) 


“, 


es) 0 


1-0 05 05 10 15 
Pt.— > Carborundum. Carborundum— > Ft. V (volts). 
Fig. 4. RESISTANCE CHARACTERISTICS FOR VARIOUS PERIODS OF 
APPLICATION OF VOLTAGE. (CARBORUNDUM-PLATINUM.) 
Experiments on contacts of galena show at low voltages 
effects of the same kind as those of zincite ; that is, the slope 
- of the characteristic at zero voltage is accentuated by in- 
creasing the duration of flow of the current. 

In the case of carborundum the time effect is contrary in 
sign to that in the two preceding cases. As shown in Fig. 4, 
the resistance of a carborundum contact decreases as the 
current is prolonged, when the direction is from carborundum 
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to platinum across the contact; the effect being as before 
reversed when the current is reversed. 

The time-effect may be examined from another point of 
view by determining the resistance of a contact for a series of 
gradually increasing periods of closure of the battery circuit, 
the applied voltage being the same in each case. The data 
shown in Table ITI. were found in the case of a zincite contact. 
Applied voltage==2-08 volts; resistance at zero voltage, R, 
=1,311 ohms; voltage coefficient=4-4 ; current from zincite 
to platinum across the contact. 


TasizE Il.—Variation of Resistance with Duration of Current. 


aera cay Resistance (ohms. ) dR/dé (ohms/sec. ) 
0-000025 1,453 140,000 
0-00012 1,463 36,400 
0-00082 1,477 13,100 
0-0031 1,495 4,820 
0-032 1,545 1,220 
1-0 1,805 163 
30-0 2,245 8 


The third column shows the rate of change of resistance with 
time at the end of the period specified in the first column. 


1460 


1450 - 
0-001 0°002 0:003 
T (secs.) 
Fig. 5.— VARIATION OF RESISTANCE WITH TIME OF APPLICATION OF VOLTAGE 
(ZINCITE-PLATINUM Contact. R,=1311 oums; v=2-08 vous.) 


_ These observations cannot be represented adequately on a 
single diagram with one time scale. The curve of Fig. 5 in- 
cludes the first four points. 


! 
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As the changes of resistance observed within the range of 
the part of the curve shown are not great, it may be well to 
state that great care was taken to avoid errors arising from the 
variations, steady or erratic, which go on more or less at all 
contacts when left to themselves. For example, measure- 
ments at r=0-00082 second and at r=0-00012 second would 
alternate with one another until certainty as to the difference 
of resistance corresponding to these two periods was secured. 

From the above table and figure we gather 

(5) That the rate of variation of resistance becomes con- 
tinuously greater as t becomes less. 

Nevertheless, if the time of flow of current be divided into 
steps increasing in geometrical progression, it is found that, 
up to a point, the absolute change of resistance in any step 
becomes greater as we progress along the series. This is 
shown in Table III., which is deduced from Fig. 5. 


Tasun IIT. 

Interval (seconds). Change of resistance (ohms). 
=0:000025 to =0-00025 1,467-5—1,453= 14:5 
=0-00025 to =0-0025 1,492-0 —1,467=35-0 
=0-0025 to =0-025 1,5370—1,492— 45-0 
=0-025 to =0-25 1,660-0 —1,537=123-0 


Interpretation of Results. 


The above data enable a judgment to be formed of the 
relation between the characteristic actually described by a 
contact under an oscillatory voltage of, say, a million frequency, 
and that obtained in a slow point by point test. 

The time of application of voltage has been varied from 30 
seconds to a little under one millionth of that time. A further 
reduction to one-tenth the lower limit would have yielded a 
period of the order of 10-® second. The degree of extra- 
polation involved appears sufficiently small to warrant the 
conclusion that the characteristic at t=10- second would not 
materially differ from that obtained at r=0-001 second, or 
even 0-01 second ; though referred to that found at r=1 second 
or more the correction required would be very appreciable, 
especially at the higher voltages. 

The sensitiveness of the contact, used as a detector of high- 
frequency oscillations, and in the absence of a polarising 
voltage, would in the case of zincite or galena be probably less 
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by some 10 per cent. or 20 per cent. than that deduced from 
a long-period characteristic ; in the case of carborundum it 
would be greater by approximately the same percentage. 

The bearing of the experimental results on the thermo- 
electric theory of the contact will now be examined. Accord- 
ing to this theory the changes of resistance with voltage are 
not instantaneous, but are a consequence of the thermo-E.M.F. 
and the temperature variation of resistance that accompany 
heat development at the contact. The rate of variation 
actually observed is very great. To quote one case (see Table 
II.), the resistance of a zincite contact under a voltage of 2-08 
volts was 2,245 ohms at the end of 30 seconds ; at an instant 
0-000025 second after application of the voltage it was 1,453 
ohms, the rate of variation then being 140,000 ohms per 
second. The limiting resistance was 1,311 ohms. It appears 
not unreasonable to suppose that the outstanding difference 
of 142 ohms occurred in the first 40,000th of a second; and 
that the whole difference between the resistance at zero voltage 
and that found at any other voltage is due to and follows the 
temperature variation at the contact. 

As already pointed out, the characteristic at t=0-00002 
second does not very materially differ from that obtained 
at t=0-01 second, whereas the latter differs considerably 
from the characteristic at t=1 second. Again, it appears (see 
Fig. 4) that an initial increase of resistance may be followed by 
a decrease as the voltage is sustained, or vice versa. These 
facts point to the necessity of modifying the simple view that 
the Joulean and the thermo-electric disengagements of heat 
are located in precisely the same volume of the crystal. 

» They become intelligible if we suppose two regions of heat 
development. The question of the location of the resistance 
at a contact was dealt with (from an altogether different point 
of view) in the preceding Paper (Joc. cit.). Two views were. 
discussed. According to the first the resistance may be 
located within the high-resistance element of the contact, in 
a volume whose linear dimensions in every direction are of the 


order of those of the interface (2 ay According to the 
TUL g 

second view the resistance may be assigned to a stratum of 

molecular thickness, but of considerable resistance, at the 

interface of the two elements of the contact. 


These views are not mutually exclusive, and the data at 
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present under discussion give grounds for the conclusion that 
the resistance is made up of the two in series, as illustrated in 
the diagram of Fig. 6. 

The Peltier heat would be developed solely in the second 
region. Joulean heat would be set free in both regions, as also 
would the Thomson heat. Joulean heat is always positive. 
The Thomson heat, like the Peltier heat, may be either positive 
or negative ; but in contrast to the Peltier heating effect, its 
sign is (for small currents) unaffected by the direction of the 
current. 


- 
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Fig. 6.—Diacram InLustratine View oF Two Rucions or Hrat 
DEVELOPMENT AT A ContTact. 


A represents the high-resistance element; B the low-resistance element 
of the pair. Region 1 has linear dimensions of the order of those of the inter- 
face ; region 2 is a stratum of molecular thickness 


Extremely rapid change of temperature is regarded as 
associated with heat liberated (or absorbed) in region 2; and 
slow change with thermal effects occurring in region 1. There 
are thus two “ time-constants,” one, proper to the molecular 
stratum, being very small compared with the other. 

The Thomson heat may possibly account for the difference 
in the two types of crystal, one represented by zincite, the 
other by carborundum (see Figs. 2 and 4). If the thermo- 
E.M.F. be represented by a parabolic formula (the experiments 
of Bidwell* appear to point to this law for oxides, sulphides, 
&c.), then writing 

ea 1 eT) ee ee (D) 
in place of the simple linear formula used in the previous Paper, 


* “ Phys, Rev.,” 1914. 
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we find for the slope of the characteristic at zero voltage the 
modified expression 
a 


Rp Poser 
(Geo Pa aoe ee ee 8) 


in which P,—Peltier coefficient at the absolute temperature 
T, of the surroundings; b=temperature coefficient of resis- 
tance ; K=dissipation constant. 

If the Thomson heat develops slowly, then the question of 
increase or decrease with time of the slope at zero voltage will 
be determined by the sign of the coefficient c. A zincite con- 
tact behaves as if c were negative ; a carborundum contact as 
if ¢ were positive. 

A Thomson absorption of heat (accompanied by a negative 
temperature-coefficient of resistance) appears also a probable 
cause of the rise of resistance up to the second maximum (see 
Fig. 3) which occurs when the current is sustained for a com- 
paratively long period. 

-The characteristic obtained at a zincite contact when the 
voltage is sustained for a considerable period is conspicuous 
by the presence of a second maximum. The curve rapidly 
descends past this point, and once this has been permitted to 
happen the limiting resistance of the contact is found to be 
only a small fraction of the initial value. This drop, which is 


permanent, is to be assigned to softening due to rise of tem- 


perature ; this leading in its turn to increase of area and con- 
sequent reduction in electric resistance. The effect here out- 
lined is doubtless to be identified with the “ breakdown ” 
found in practice when a contact has been subjected to an ex- 
cessive voltage. 


The Values of the Time Constants.—Accepting thermo- 
electric action as the true basis of the rectifying property, a 
time lag of resistance must inevitably occur; but this, if it is 
not to nullify the rectifying action, must be of comparatively 
small account even at the rapidity of change involved at 
electric wave frequencies. This can only be the case if an 
appreciable portion of the resistance of the contact is asso- 
ciated with a time-constant small compared with the period 
of the impressed oscillations. 

It is possible to form estimates of the time-constants corre- 
sponding to the regions 1 and 2 of Fig. 6; the dimensions of 
the contact, the thermal conductivity and the specific heat of 
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the material entering as important factors. The heat dissipa- 
tion may be attributed entirely to conduction to neighbouring 
portions of the crystal—this restriction will tend to yield a 
maximum estimate. Two problems may first be considered 
in the abstract. 

Problem I.—Suppose heat to be developed at a constant rate 
within a small sphere in the interior of an infinite uniform solid 
mass. For simplicity assume the temperature to be constant at 
any instant at all points within the sphere. What is the time- 
constant which defines the rate of rise of temperature of the boun- 
dary of the sphere ? 

Let 0) denote the initial temperature, 0 the final temperature 
of the sphere, & the thermal conductivity, d the density, 
s the specific heat, H the rate of supply of heat, 7) the radius 
of the sphere, and 7’ the time-constant required. 

It 1s easy to show that 


(9) 


The temperature change occurring in accordance with a 
simple exponential law, we have 


6-6, 
Tou, 22 0) 
d6\ __— rate of supply of heat =H 
ee (a), thermal capacity of sphere 4z7,8ds' a) 
Combining the above equations, 
gaa (12) 
fe ok 


Now in the case of zincite, &c., we may take ds=0-5, and 

k=0-005, whence 
qeaneaters 8. Soe ere 18) 
Hence, if 7 < 10-7 second, then ry) <0-5x 10-4 cm. 

The second problem is intended to relate to a stratum of 
molecular thickness, such as a circular disc, enclosed within 
an infinite solid. The difficulty of dealing with the edge effect 
may be avoided without materially affecting the calculation 
if we substitute a spherical shell of the same area. We may 
then state the problem thus :— 

Problem II.—Suppose a spherical shell of molecular thickness 
forming the boundary of a spherical hollow in the interior of an 
infinite solid; and that within the matercal of the shell heat ws 
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developed at a constant rate. Assuming equality of temperature 
within the shell at any instant, what is the value of its thermal 
time-constant ? 


Using the same symbols as before, we have 
H 


0 OTe (14) 
F 6—6, rate of supply of heat _ H (15) 
anc ~~ thermal capacity of shell 4zr,2ds. 10-® * 
d 
whence tT. 1078 cpp Sopks PES Re 


Taking ds= 0-5, k=0-005, we find T= ry. 10-® second. 
Hence if 7'< 10-7 second, then r7<0-1 cm. 

We may identify the conditions of the above problems with 
those occurring in regions 1 and 2 respectively of a rectifying 
contact. The assumption of infinite conductivity within the 
small sphere and in the stratum has the effect of reducing the 
value of 7 calculated, and hence of increasing the value fo ry 
corresponding to a selected value of 7. The attendant error 
only enhances the deductions drawn, namely, that the varia- 
tions of temperature and resistance at a contact can only follow 
the voltage without serious diminution at electric wave fre- 
quency— 

(a) In region 1 if the mean diameter of the area of contact 
<0-5x 10-4 cm. ; 

(6) In region 2 if the mean diameter <0-1 cm. 

Now in actual practice the mean diameter of the area of 
a good rectifying contact is as a rule far greater than 
10-4cm. The conclusion is that the only variation in resist- 
ance that can be effective in causing rectification at very high 
frequency must have its origin in a stratum of molecular 
thickness at the actual interface of the contact. What the 
composition of the stratum is there are not at present sufficient 
data to determine. It is required of it that it should be very 
thin—indeed of molecular thickness; that it should have a 
resistivity far higher than that of the material of the contact 
treated in bulk; and that it should have a negative tempera- 
ture-coefficient of resistance. 

This conclusion accords both with the experimental results 
and with the calculated maximum rate at which it is possible 
for a defined volume of material to vary in temperature when 
subjected to a constant source of heat. That the rate of supply 
of electrical energy which is found to operate the receiving 
circuit of a wireless station is adequate to produce the required 
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thermal effects at the rectifying contact may be shown by 
simple calculation. 
SUMMARY. 

The resistance at a solid rectifying contact, and conse- 
quently the exact shape of the resistance characteristic, de- 
pends upon the time for which the testing current is allowed 
to flow. A series of characteristics are given corresponding to 
durations of contact extending over the range one forty- 
thousandth of a second to 30 seconds. 

The following conclusions are drawn :— 

1- That the variation of resistance with voltage may be 
attributed entirely to thermal effects. 

2. That the characteristic obtained by applying the testing 
voltage for one hundredth of a second is, at moderate voltages, 
materially the same as that which would be found at the expiry 
of a period of the order of a millionth of a second. 

3. That the sensibility of a wireless receiving circuit (in 
which the rectifying contact is used) does not differ very appre- 
ciably from that deduced from a slow period characteristic. 

4. That an important fraction of the contact-resistance 
resides in a stratum of molecular thickness at the interface of 
the two elements of the contact ; and that it is in this region 
alone that rectifying action at very high frequencies is effected. 


DISCUSSION. 

Prof. G. W. O. Hows thought the experimental method of Mr. Owen 
was the correct way to tackle the problem of high frequency phenomena, 
and was preferable to taking oscillograph records at low commercial 
frequencies, and attempting to deduce from them what will happen at 
very much higher frequencies. What is the limit to the number of times 
per second that the ball may be struck for the results still to apply to one 
impact only ? From one point of view the results were disappointing, 
inasmuch as it had been necessary to introduce a mysterious stratum of 
molecular thickness and the problem arises as to what these layers con- 
sist of ; what are their properties, and why is the thermal effect largely 
coafined to them ? : 

Dr. H. 8. Auten asked if any attempt had been made to remove surface 
films from the contacts. Prof. Millikan had recently obtained very simple 
results in photo-electricity by working in a high vacuum, so as to remove 
all films of moisture. Could this not bedone in Mr. Owen’s experiments ? 

Dr. Eccuzs said that the subject of contact resistance was of wide 
importance, apart from its application to electric wave detectors. It had 
been investigated by Wheatstone and Heaviside in other connections— 
microphones, forexample. It was important also in connection with the 
contacts at dynamo brushes. There had always been a desire in wireless 
telegraphy circles for high-frequency characteristic curves. Doubtless. 
if oscillograph records could be obtained for frequencies of 10-6 second, 
they would be very like what Mr. Owen gets by his point to point method. 
He would have been glad if the author had tried similar contacts—e.g., two 
carbons, two galenas, or even two metals. In these cases there would be 
no thermo-electric phenomena to confuse the issue. He was not con- 
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i on the question of the molecular layer. The author states that 
in eee races the mean diameter of the area of a good rectifying 
contact is, as a rule, far greater than 10~4cm.” Now, if one pictures 
a piece of metal resting on the zigzag surface of a crystal, it is obvious that 
actual contact will only occur at points and ridges, and it is surely im- 
possible for anyone to assert what the order of the area of contact is. 
He preferred to think that the effects were due to the heating of the sur- 
face layers of the stuff, due to concentration of the current flow into the 
narrow regions where actual contact exists. Usually, the harder the 
crystal the better the rectification obtained, due possibly to the greater 
concentration of current in the smaller and sharper contact points. He 
thought perhaps too much stress was laid on the high-frequency char- 
acteristic. When an oscillation passes through the contact of a crystal 
touching a metal plate itis the after effects of the heat developed which 
produce the thermo-electric currents that affect the telephone. 
Therefore, while of scientific interest, the high-frequency characteristics 
are not very essential from the point of view of wireless telegraphy. 

Mr. F. E. Smrra thought Dr. Allen’s suggestion a valuable one. About 
14 years ago a Paper was read to the Society showing that films of liquid 
remained attached to solids even up to temperatures of 300°C. 

THE AUTHOR, in reply to Prof. Howe, thought there was no mystery in the 
contact layer. We cannot assume complete continuity of material at a 
contact asin a weld. This is evidenced by the fact that no appreciable force 
is required to separate the elements, though they have been pressed together 
with a force involving a considerable minimum area of contact. With 
respect to the repeated impacts (used in order to raise the sensibility of the 
bridge), the time between the successive impacts was never less than about 
8,000 times the duration of a single contact. The point raised by Dr. 
Allen, and emphasised by the chairman, deserved investigation. Dr. Kccles 
raises two important points. In order to avoid the necessity of assuming 
a molecular stratum, he suggests the view of multiple contacts. This, if 
carried out to the requisite minute subdivision of the total contact area, 
will certainly effect the required reduction of the thermal time-constant, I 
have taken the opportunity of submitting the matter to calculation. I find 
that the time-constant will be reduced to 10~’ sec., provided the number of 
effective contacts, all of equal area, is not less than 25,000, and this number 
must, on grounds of probability, be regarded as only a small proportion of 
the total number of contacts under the total area, on the view under dis- 
cussion. It seems a case of choosing between a molecular layer and an ark 
resting on a hundred thousand Ararats, the size of each peaklet not far 
removed from molecular dimensions. Dr. Eccles also asserts the view that 
the electric discharge which actuates the telephone in a wireless receiving 
circuit is due to the after effect of the heat accumulated at the contact ; but 
this is to neglect altogether the rectified current that traverses the contact 
during the actual period of impress of the electric oscillations, and this is 
amenable to celeulation (see Paper in Vol. XXVIIL., p. 196). I find that the 
impulsive flow due to the rectified current would be sufficient to produce 
an audible effect in the telephone provided the mean amplitude of the wave 
of P.D. across the contact during the passage of a train of oscillations is 
somewhere between one hundredth and one-tenth of a volt. Now at such 
low voltages the reversible Peltier heat (on which rectification depends) in 
the case of crystals like zincite exceeds the irreversible Joulean heat (on 
which the after effect depends). Curious as it may at first sight appear, the 
power expended in the alternate Peltier heating and cooling greatly exceeds, 
at low voltages, the total electrical power supplied to the rectifying sector 
by the incident oscillations. There is thus reason for regarding the signal 
in the telephone as due mainly to the rectified current. In reference to 
phenomena at a contact between similar materials, I have at present under 
consideration the investigation of the effect of pressure at such contacts. 
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IIl.—On Diffusion in Liquids. By Basm W. Crack, 
M.Sc. (Lond.), Lecturer in Physics at Birkbeck College. 


RECEIVED SEPTEMBER 28, 1916. 
§ 1. Introduction. 


Iv has recently been pointed out by Griffiths [“‘ A Recaleu- 
lation of some Work on Diffusion,” Proc. Phys. Soc., Lond., 
XXVIIT., p. 255, 1916] that a correction is necessary to the 
theory of the method which has been used by the author for 
studying the diffusion of salts through water. [See Clack: 
(1) “On the Coefficient of Diffusion,” Proc. Phys. Soc., 
XXI., p. 863, 1908; (2) “ On the Temperature Coefficient of 
Diffusion,” Proc. Phys. Soc., XXIV., p. 40, 1911; (3) “On 
the Coefficient of Diffusion in Dilute Solutions,” Proc. Phys. 
Soc., XXVIT., p. 56, 1914.] In these Papers experiments are 
described in which diffusion has been studied by means of 
special flasks, filled with the solution under investigation, and 
suspended in a large bath of water at known constant tem- 
peratures. The design of the flasks is such as to maintain the 
concentration of the solution constant at each end of the 
vertical tubes which are fitted into the flask, so that diffusion 
takes place in the steady state, that is to say, the concentration 
of the solution at any point in the tube remains constant while 
the measurements are made. 

The decrease in volume of the solution in the flask as diffusion 
reduces its concentration, causes a current of liquid to flow 
down the tube, so that as the salt diffuses upwards it meets a 
current of liquid which continually passes downwards, and 
which is due to the decrease in volume referred to. In the 
Papers mentioned above, reference was made to the velocity 
of this current of solution ; but the matter is complicated by 
the fact that simultaneously with the movement of the water 
’ in the solution the dissolved salt is diffusing, and therefore may 
have quite another velocity, and on this account it is necessary 
to confine attention to the velocity of the water component of 
the solution. 

§ 2. Objects. 

The objects with which this communication is made, are 
two :— 

1. To amend the theory in the direction indicated; to 
present the recalculated values of the coefficient of diffusion at 
different temperatures and at various concentrations ; and to 
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evaluate the temperature-coefficient of diffusion in the case of 
certain solutions. 

2. To deduce an expression for the coefficient of diffusion, 
K,, at any definite concentration, n, which is now rendered 
possible by the simpler form of the corrected formule deduced 
in the next section ; and to find the numerical value of this 
quantity for specified concentrations of solutions of certain 
salts. 


§ 3. Theory. 


The theory previously published in the first Paper men- 
tioned in § 1 must be amended as follows :— 


Let LZ =total length of the diffusion tube. 
N=constant concentration of solution at bottom of the 
diffusion tube in gms. /cc. 
D=its constant density. 
n=concentration of the solution at a point J cms. below 
the top of the tube when the steady state has been 
reached. 
d=density of the solution at the same point. . 
v=velocity downwards of the water-component of the 
solution in the tube at the same point. 
Vp=velocity downwards of the water at the top of the 
the tube, where /=0. 


Assume the area of cross-section of the tube is unity. Now 
l cc. of solution contains (d—n) grammes of water, and since 
the same mass of water crosses each section of the tube per 
second in the steady state 


v(d—n)=Up. 
Also, when the steady state is reached, the mass of salt passing 
each section of the tube per second 1s constant=c. 

The change, 7, in weight of the flask per second is equal to 
the mass of salt leaving it per second minus the mass of water 
entering per second, or in symbols 

t=C— YU. 

Let 6 represent the ratio of the change in volume produced 
in the solution, to the change in the amount of salt present. 
Then, since every second ¢ grammes o: salt escape from the 
flask, the volume changes by cé cc., or cd cc. of water enter the 
flask per second from the bath, 


CE. Uj=C0. 
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Thus v=cd/(d—n) 
and 4=c—cod 
| =ce(1—6). 


Tn the previous work the mistake was made of assuming that 
c6 cc. of solution entered the flask from the tube. The error 
will be made quite obvious if the upper end of the tube is con- 
sidered, instead of the lower; or it can be argued that if ¢ 
grammes of salt leave the flask, the volume they occupied must 
be taken by water, and not by solution, for if so, some salt 
would return into the flask and the quantity leaving would not 
be c. 

Under the combined actions of the movements of the liquid 
and diffusion it follows that 

c= —un+Kadn/dl. 
Substituting the value of v already found 
e(d—n-+n6d)/(d—n)=Kdnjdl . . . . (I) 

Now d is approximately a linear function of n and we make 
very little error if we assume that over any given range of 
concentration d=1-+an, where a is some constant depending 
slightly on the upper limit of concentration N, and whose 
value may be considered to be very approximately equal to 
the mean slope of the true curve of d and n between the limits 
zero and N. 

If 6 is written for (1 —a) equation (1) becomes 

{c-+n(v)—bc)} /(1 -—bn)=Kdn/dl, 
the solution to which is ~ 


bN Uo (v—bo)N+c_L 


Shei ua ey, AK. 

Since (v)—bc)N is small compared with c this may be written 
aby aa crema veny Vo— be)N* : L 

ose rl Re f.: (3) 


These equations are ane of the same form as those 
already published in equations (2) and (3), Proc. Phys. Soc., 
XXI., p. 865, 1908, where it was mentioned that the el 
term in the bracket in equation (3) was negligible. Owing to 
the correction now introduced this term is still smaller, and 
hence we may write 
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(yt 
bo 


orsince _ -  Ug=cd 
KN , 
c= (1—ZN 9), I the mys ce (4) 
2.€., aS c=1/(1—6) 
K SLE BEN id (5) 


~ M(1—4.N6)(1—6) 


It is interesting to note that this equation does not involve 
any knowledge of a or b or D. 0 is readily obtained from the 
published Tables connecting density and concentration. 

Thus the equations on p. 866 in the first Paper mentioned in 
§1 must be corrected by omitting in every case the factor 
(1—bN). In the second and third Papers the corresponding 
factor (D—N) must be deleted, so that the value of K is 
obtained from the equation 


ememlal: ie ude 
fei ed Ao ON ON ee 


§ 4. The Coefficient of Diffusion at Different Temperatures. 


The following table gives the results for solutions of potas- 
sium chloride and nitrate at the concentrations and tempera- 
tures mentioned. In the first column the figure 1, 2 or 3 
indicates the Paper in which the result was previously pub- 
lished (see § 1), while the second column gives the number of 
the experiment, in order that comparison can be made and the 
magnitude of the correction estimated. 


20 per cent. KCl or 2-7 normal or N=0-2 gm. /ce. 


Paper. | Experiment. Temp. in °C. | Kx1050C.G.8. 

1 24 0 - | 1-040 

1 25 0 | 1-054 

2 4 0 | 1-042 
2 5 13 | 1-391 
2 6 14 1-408 

3 28 18-8 | 1-633 

3 10 18-7 1-663 

3 11 18-8 | 1-666 
2 | 12 231 Tl 1766 
| 2 13 23-8 | 1-760 
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10 per cent. KCl or 1-34 normal or N=0-1 gm. /ce. 


| 1 26 0 0-987 
1 27 0 0-989 
2 7 14-6 1-412 
2 8 15:8 1-479 
2 9 | 16-9 1-507 
3 8 | 18-6 1-545 
3 9 18-7 1-545 
2 14 23-8 | 1-785 
2 15 23-9 1-782 


10 per cent. KNO, or 1-0 normal or N=0-1 gm. /ce. 


| Paper. Experiment, Temp. in °C. 1G 105 C. G.8. 
he 16 0 0-873 
1 17 0 0-875 
2 10 15-1 
2 18 16-3 
3 30 18-9 
3 31 19-0 
2 16 23-4 
2 17 23-6 


5 per cent. KNO, or 0-5 normal or N=0-05 gm./cc. 


1 = 22 0 0-885 
1 23 0 0-887 
2 19 16-2 1-286 
2 20 16-3 1-303 
3 42 18-3 1-371 
3 32 19-1 1-445 
3 33 19-2 1-421 
2 21 ; 25-0 1-547 
2 22 25-6 1-575 


A comparison of these figures with those previously published 
shows that the correction causes an increase in the numerical 
value obtained for the diffusivity which amounts to 6 or 7 per 
cent. in the case of 20 per cent. solutions of potassium chloride. 
For a similar solution of sodium chloride the correction is found 
to be only 4 per cent. In less concentrated solutions the 
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correction is smaller, being roughly proportional to the con- 
centration, and may be considered to be within the probable 
error of observation for all solutions weaker than 10 per cent. 


§5. The Temperature Coefficient. 


From the above figures the corrected values of the tempera- 
ture coefficient can be calculated. 

Thus if K,—K, (1+at-+-bt?) the values of a and 6 are as 
follows, for the four solutions mentioned :— 


Salt. Normality. N in gm. /ec. | KyXx105 a b 
KCl a7 oe 1.045 | 0-020 | 0-00050 
1.35 0-1 0-988 | 0-023 | 0:00047 
 KNO, 1.0 0-1 0-874 | 0-023 | 0.00032 
Sy vies 0.05 | 0-886 | 0-024 | 0.00027 


These figures indicate that in the neighbourhood of 18°C. 
the simpler formula approximately holds 


Ki=K,.{1+a(t—18)}, 


where a has the value 0-024 for all these solutions. 
For 2:7 normal KCl at 18°C. we find 


K,3=1-639 x 10°° sq. em./sec. 


Dr. Griffiths by two different and independent methods 
obtains for a similar concentration and temperature the values 
1-696 and 1-617 10° respectively. [See Griffiths, Proc. Phys. 
Soc., XXVIIL., p. 255, 1916.] oe 


§6. The Coefficient of Diffusion at Different Concentrations. 


If the temperature be maintained constant during each 
experiment, and in the neighbourhood of 18-5°C. we obtain in 
the same way recalculated results for solutions of potassium 
chloride, potassium nitrate and sodium chloride, which are 
plotted graphically in Fig. 1, and, in order to save space, the 
values, obtained from the graphs, of the diffusivity at 18-5°C. 
for solutions of the concentrations indicated in the first column, 
are tabulated on next page. - 


DIFFUSION, IN LIQUIDS. 


ou 
ou 


| f KCl KNO : NaCl. 
| Normality. Kx 105 Kx 165 Kx 105 | 
0-05 1-364 1-502 1-159 
0-1 1-412 1-475 1-163 
0-2 1-446, 1-446 1-169 
0-4 1-475 1-409 1-181 
| 0-6 1-491 1-382 1-190 | 
| 0-8 1-506 1-362 1-201 | 
10 1-521 1:344 1-209 | 
15 1-558 . 1-226 
2-0 1-598 i 1-240 
2-5 1-636 ae 1-255 
/ 3-0 = 1-268 ) 


§7. Diffusion at a Definite Concentration. 


In practically all the methods of determining the diffusivity 
of salts previous to those employed by the author and his 
colleagues, no attempt is made to use the steady state of 
diffusion. That is to say, the rate of diffusion is studied before 
it becomes constant, and the concentration at any point in the 
solution is continually’ changing while the experiment is in 
progress. As is well known, the coefficient of diffusion is not 
the perfectly constant quantity which Fick’s law indicates ; 
but it varies, Im some cases considerably, with the concen- 
tration of the solution, so that it appears impossible in the 
present state of development of the theory of diffusion to say 
to what concentration the coefficient obtained refers. 

The interpretation is less indefinite if the steady state is 
employed in which the concentration at each point of the 
solution remains quite constant while the measurements are 
made. These measurements give what the author has called 
the ‘‘ mean diffusivity,” K, for the solution in the diffusion 
tube, that is, for a solution varying in concentration from zero 
to a certain maximum, J, in each experiment, and from the 
determination of this quantity it is found possible to calculate 
the value of the actual diffusivity, Kn, for a solution of a 
definite concentration, n, in the following manner :— 

The equation for c (equation (4) above) might have been 
obtained by making the initial assumption in equation (1) that 
6=b. This assumption is not strictly true, but even in the 
strongest solutions it only introduces a small error—probably 
of the order one-fifth of 1 per cent.—in the value obtained for 
the coefficient of diffusion, and this error is smaller the more 
dilute the solution. 
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With this approximation equation (1) becomes 
fest er 
"~1—nd dn 
By integration this gives : 
Kx n(1—4nd)=cl, 
where K will represent the mean diffusivity over the range of 
concentration 0 to n. 
Differentiating this with respect to n and noting that ¢ is a 
constant in any given experiment, we have 
ec dl 
1—n6 ee i) 


K+{(1—4n6)/(l—né)}n. dK /dn= 
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So that we can find the value of the coefficient, K,, at any 
definite concentration, n, from the above expression involving 
a measurement of the slope of the experimental curves shown 
in Fig, 1. 

The values of the coefficient of diffusion at 18-5°C. in C.G.S. 
units (sq. cm./sec.) thus obtained at the definite concentrations 
indicated in the first column are tabulated below :— 


: KCl. KNO NaCl. 
Normality. K, x10 ate 10 - K,, x10 
0-05 1-442 1-464 1-164 
0-1 1-459 1-435 | 1-170 
. 0-2 1-488 1-402 1-181 
0-4. 1-511 1-349 1-202 
0-6 1-534 1-315 1-220 / 
/ 0-8 1-564 1-285 1-238 
1-0 1-598 1-259 1-248 
1-5 1-675 = 1-273 | 
| 2-0 1-755 a 1-397 
| 2-5 1-834 z 1-327 
| 3-0 - ee 1-355 


In a previous Paper (Proc. Phys. Soc., XXVII., p. 64, 
1914) the author attempted to obtain this quantity K, but was 
obliged to make certain assumptions as to the movement of 
the liquid which were not strictly in accordance with the facts, 
owing to mathematical difficulties in the treatment of the real 
conditions obtaining in the experimental work, but the simpler 
formule now found to be correct enable the actual diffusivity 
at any definite concentration to be evaluated for the first time 
without making the assumptions just referred to. As has 
already been mentioned, this calculation appears to be im- 
possible unless the steady state is employed, and represents a 
new departure in work on diffusion. 


ABSTRACT. 


The Paper contains the results of the experiments described by the 
author in Proc. Phys. Soc. Lond., XXI., p. 374, 1908; XXIV., 
p. 40, 1911; and XXVIL., p. 56, 1914, collected and recalculated 
in accordance with a theoretical correction recently communicated 
by Dr. Griffiths (Proc. Phys. Soc., XXVIIL., p. 255, 1916). 

It is found that in the solutions employed the correction is not 
considerable, except in the case of the strongest :olutions of KCl 
(2-7 normal), where it amounts to 6 per cent. 

The Paper contains the corrected theory of the method, and the 
valus of the coefficient of diffusion is tabulated at different limiting 
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concentrations and at various temperatures ; it concludes with a 
new method of calculating the coefficient at a definite concentration 
from the experimental results, which appears to be more accurate 
and free from questionable assumptions than previous calculations of 
a similar nature. 


DISCUSSION. 


Prof. G. W. O. How# asked why the concentration was constant at the 
bottom of the diffusion tube in the author’s apparatus. 

Prof. Boys thought this was an important point. He presumed that 
the upper bulb was sufficiently large that for the purposes of the experi- 
ment it could be regarded as an infinite reservoir. A steady state would 
then be maintained by the circulation through the side tubes, dilute 
solution rising up one into the reservoir, while more concentrated solution 
passed down the other. 

Dr. R. S. Wittows asked why the coefficient of diffusion was greater 
for strong than for weak solutions in the case of some salts, while the 
reverse was true for other salts. 

Mr. Crack, in reply to Dr. Willows, said he did not know of any reason, 
but Dr. 8. W. J. Smith had told him that that was what would be expected 
from conductivity data. 
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IV.—On the Measurement of the Thomson Effect in Wires. By 


H. RepMayneE Netrieron, M.Sc., Assistant Lecturer in 
Physics at Birkbeck College. 


RECEIVED OcroBER 25, 1916. 


I. INTRODUCTION. 


The object of this research is to develop a method of measur- 
ing the Thomson Effect in wires for which also the thermo- 
electric powers may at the same time be found. 

It is well known that the application of thermodynamics to 
thermocouples leads to the two standard equations :— 


dE 
| =f. e aT’ ° ° ‘ 5 “ " ° (1) 
where JJ is the Peltier coefficient at the absolute temperature 7’ 
and dH/dT the thermo-electric power ; and 
ah 
o,—o,=—T . dT . * ¢ ° ° . (2) 


where o, and o, are the respective Thomson effects in the metals 
comprising the thermocouple. 

Equation (1) was first investigated experimentally by 
Campbell! and a little later verified by Jahn® with the ice- 
calorimeter, and since the further development of the measure- 
ment of the Peltier effect by Lecher,? Cermack,* Barker,® 
Oosterhuis,® and Callendar’ it may be said that this equation 
has been substantiated beyond all doubt. Szarvassi,§ indeed, 
regards this equation as the fundamental formula of thermo- 
electric phenomena and Callendar uses it for his values of IT 
in measuring heat by the radio-balance. 

Equation (2), however, has never been verified. On the 
contrary, the best measurements of the Thomson effect seem 
to throw great doubt on the equation (Szarvassi), and so grave 
is this divergence in the case of the iron-mercury thermocouple 


1 Campbell, “‘ Proc. Roy. Soc. Edin.”’, p. 387, 1887. 

2 H. Jahn, ‘‘ Wied. Ann.” 34, 755, 1888. 

3 B. Lecher, “ Wien. Ber.” IL.A., 115, p. 1505, 1906. 

4 P. Cormack, “ Wien. Ber.” II. A, 116, pp. 657 and 1135, 1907. 
5 Barker, “‘ Phys. Rev.’’ XX XI. (4), 321, 1910. 

6 Oosterhuis, ‘‘ Arch. Néer”’ Ser III A IT, 1912. 

7 Callendar, “‘ Proc. Phys. Soc. Lond.” 23. L., Dec., 1910. 

8 Szarvassi, ‘‘ Ann. der Phys.” 17, 248, 1905. 
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treated of by Schoute,* Aalderink? and Oosterhuis? that the 
last-named experimenter raises the whole question of the 
energy of a thermo-electric circuit and states that the Peltier 
and Thomson effects together do not nearly suffice to supply 
the energy of the thermo-electric current. 

Before, however, any general conclusions can be made on 
this matter a vast amount of experimental research on the 
Thomson effect is needed, for it must be remembered that not 
only is the measurement of the Thomson coefficient one of 
considerable difficulty, and that impurities have a very great 
effect, but that many of the methods employed—especially the 
older ones—are open to severe criticism, particularly when 
viewed in the light of Verdet’s* differential equation. As an 
illustration of what equation (2) leads to we have the following : 
The thermocouple iron-german silver between 0°C.—200°C. 
gives a curve for thermo-electric force and temperature which 
is remarkably linear (Campbell®, Stewart®) ; iron-nickel and 
iron-constantan behave somewhat similarly. Hence over this 
temperature range d?H/dT? is nearly zero and the Thomson 
effects in iron, german silver, nickel and constantan should 
approach equality. Now, in a very careful research, Aalde- 
rink” has shown that the value of o in iron changes sign at 95°C. 
and is given by . 


o=(95—t)X 4-9 10-§ cal. per coulomb. 


Do, then, these other metals show any similar remarkable 
change of sign or equality of value ? 

It was thus the author’s first intention to measure the 
Thomson effect in wires of the high-resistance alloys and at the 
same time measure their thermo-electric powers when com- 
bined in pairs. As, however, the Thomson effect is not known 
with any. certainty even in metals like bismuth and platinum 
in which i: is largest, and as the method here described has 
proved rapid and sensitive, it is now proposed to measure the 
effect in as many metals as possible. In the present communi- 
cation it is proposed to deal only with the method itself, investi- 
gating the errors, sensibility, and best conditions of experiment. 


1 Schoute, “ Arch. Néer.”’ (2), 12, 175, 1907. 

* Aalderink, ‘‘ Arch. Néer.” (2), 15, 321, 1901. 
3 Oosterhuis, loc. cit. 

* Verdet, “ Theorie Méchanique de la Chaleur.” 
-> Campbell, ‘‘ Proc. Roy. Soc. Edin.,” 1882. 

§ Stewart, ‘‘ Phil. Trans.” A., p. 569, 1893. 

* Aalderink, loc. cit. 
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2. THE PRoposeD MEetTHop AND Its RELATION TO 
OTHER METHODS. 


The many methods which have been employed to measure 
the Thomson effect may be classified under four headings :— 

(a) Battelli’s method? in which o is measured directly by the 
rate of rise of temperature of a calorimeter of known total 
water equivalent. 

(b) Haga’s method,” of which there are many modifications, 
in which the effect of Thomson heat is compared with the effect 
of a known amount of Joulean heat. 

(c) Callendar’s method,’ carried out by King, in which o is 
deduced from the variation ot resistance with temperature of 
the wire under test. 

(d) The impressed velocity method of the author, * in which 
the Thomson effect is neutralised or compared with the effect 
of a slow uniform movement of the conductor. 

Battelli’s method is chiefly of historic interest, though there 
is no doubt it might be modernised ; not only were his experi- 
ments complicated by working during the variable state; but 
a study of the distribution of temperature down the bar leads 
to the conclusion that much of the Thomson heat produced 
outside the calorimeter contributes by conductivity to its rise 
of temperature. This method which«is criticised by Callendar® 
and King for other reasons also lacks sensibility. 

Method (d) is suitable only for fluids. 

Method (c) alone has been applied to a wire; it is of great 
interest though complicated by the insertion of potential leads. 
By its nature it is unsuited to the alloys of small temperature 
coefficient. 

Method (6), Haga’s method, is by far the most: generally 
employed, and undoubtedly of the greatest importance, modi- 
fications of it being used by such recent. experimenters as 
Laws,® Lecher,? Schoute,’ Berg, and Aalderink.!° When 
employing this method it must always be remembered. that 


1 Battelli, “‘ Accad. delle Sci. di. Torino,” Atti XXII., p. 548, 1887. 

2 Haga, “ Ann. de lecole Polyt de Delft,” I., p. 145, 1885; IIL, p. 43, 
1886. 

3 King, ‘‘ Amer. Acad. Proc,” XXXIJIL, p. 353, 1898. 

4 Nettleton, ‘‘ Proc, Phys. Soc. Lond.,” Dec., 1912. 

5 Callendar, ‘‘ Encyclo. Brit.” Thermo-electricity. 

6 Laws, ‘“‘ Phil. Mag.” VIT., p. 560, 1904. - 

? Lecher, ‘“‘ Ann. de Physik.” XIX., p.-853, 1906. 

® Schoute, loc. cit. 

® Berg, “ Ann. de Physik.” XXXII.-XXXIII., p. 477, 1910, 

10 Aalderink, loc. cit. 
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Thomson heat and increments of Joulean heat are only propa- 
gated similarly when small and of the same order of magnitude, 
and that close attention must be paid to the emissivity con- 
ditions. , 
In perhaps its most modern general form Haga’s method is 
produced as follows: A current of C amperes is passed down a 
bar in which a temperature gradient is maintained. This 
current is reversed and the ultimate change of temperature 
AO, is recorded as shown by a thermocouple in the middle 
of the gradient. The current is then raised or diminished 
by an amount c amperes, and the difference of temperature 
A0, is observed between the average temperature given by 
+C and the average temperature given by +(C-+c). It can 
then be shown that, if J is the number of joules equal to one 
calorie, and r the resistance per unit length of the bar, we 
have, under suitable conditions, with sufficient accuracy : 


200 . d6/dx AO, 
Gr AO, 


The temperature gradient d0/dz is usually found by a thermo- 
couple which may be inserted in two or more positions along 
the bar; usually two bars side by side are used to advantage 
instead of one. 

When we attempt to apply Haga’s method to a wire we are 
confronted with additional difficulties, for it becomes less easy 
to measure both the temperature variation at the middle and 
the temperature gradient itself without altering the resistance 
per unit length of the wire and disturbing the linear heat flow. 
Briefly, these difficulties are overcome thus :— 

(1) Instead of measuring the temperature gradient in an 
neighbourhood, the difference of temperature between the 
“ends ” of the wire—the same ends across which the electrical 
resistance is determined—is measured in a similar way to that 
used by Gray' in his heat conductivity experiments on wires. 
Thus the ratio R/U of the equation below is obtained. 

(2) The temperature at the middle is not allowed to alter, 
Haga’s method being employed in the null form used by Berg? 
in his work on plates, and the detector of temperature is a 
number of turns of the thinnest insulated copper wire used as 
a resistance thermometer. This method, which Starling? first 


1 Gray, “‘ Phil. Trans.” A. Part L., p. 165, 1895. 
2 Berg, loc. cit. 
3 Starling, “‘ Nature,” Feb. 16, 1911. 
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used to demonstrate the Thomson effect in a red hot iron 
bar conveying 10 amperes, is found to be sufficiently sensi- 
tive with No. 44 wire for measuring absolutely the Thomson 
effect in wires conveying 3 amperes and heated by steam. 
The diameters of the bare and double silk-covered detecting 
wire are only about 0-07 mm. and 0-14 mm. respectively, 
and the thread-like coil may be wound uniformly on the 
lathe over the thicker experimental wire (gauge 18, diameter 
1-22 mm.), under investigation. 

The apparatus used is very simple and will readily be under- 
stood from Fig. 1. The wire W under test passes right through 


the constant temperature sources H and C. #H is a cylindrical 
copper vessel 8cm. long and of 5cm. diameter, fitted with 
vapour inlet and outlet tubes and closed at D by a rubber bung 
through which the experimental wire W passes easily before 
being cemented up. C is a rectangular copper vessel 5 cm. 
square by 10 cm. long, which will hold water orice. The sides 
A, B, of H and C respectively are 5 mm. thick and drilled with 
holes of 1 mm. diameter to admit thermo-junctions at a and 5 
of iron and constantan wire which record the difference of 
temperature U between the “ends” of the wire under test. 
The holes a, 6, also serve to admit potential leads tor measuring 
the resistance of the wire between its “ ends.” 

Great care is taken in passing and fixing the wire through 
A and B, as no solder must appear internally, and yet good 
contact is essential. The side A is made as shown in Fig. 2, 
the narrow portion being drilled at N with a hole through 
which the wire just passes. Solder is applied externally 
- through K witha special iron, care being taken that it adheres 
to the copper as well as the wire under test. B is similarly 
made, the solder being applied within the vessel C. With 
practice this fixing of the wire may be done very neatly. The 
internal length between A and B was usually between 4 cm. 
and 5 em., and over about one-third of this length the detecting 
’ coil S of copper wire, gauge 44, already alluded to, was symme- 
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ically wound (previous to fixing the wire), the centre of 
aes lying Lee between y) and B. The ends of the 
coil S were brought to terminals on the base board from which 
they were connected by thicker copper wire, gauge 18, to a 
resistance bridge arranged as described in section (4) 6 of this 
Paper. The resistance of S under the conditions of experi- 
ment varied from 5 ohms to 8 ohms. Cotton wool was care- 
fully wound round the operative part of the wire as well as 
round the temperature sources, H and C. It serves to allay — 
convection currents, and for this reason is essential and, as 
indicated by the resistance coil S, very considerably diminishes 
the emissivity loss. 

Fundamentally, an experiment is performed thus: Water, 
either ice-cold or at ordinary temperature, being in the vessel 


Wie. 2. 


C and steam being circulated through H, a steady current C, 
of from 2-5 to 3-5 amperes is passed through the wire in either 
direction. If this current is merely reversed the coil § shows 
a change of resistance, which measures the sensibility, due to 
a change in the rate of production of Thomson heat; but if, at 
the same moment that the reversal is made, the current is 
slightly altered to an appropriate value, C.,, a complete balance 
may be obtained between the alterations of Joulean and 
Thomson heat, the coil S then showing no change of tempera- 
ture. As shown in section 3 below, we then have, under suit- 
able conditions, with sufficient accuracy :— 
R 


o= 7A7(C,—C)), 
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where U is the difference of temperature between the ends of 
the wire, R the actual resistance of the wire between these ends 
under the temperature conditions of the experiment, and J the 
number of joules equal to one calorie. The Thomson effect o 
will then be expressed in calories per coulomb per degree 
centigrade and, as shown below, its value will be that at the 
mean temperature U/2. The difference of the up-and-down 
currents, C,,—C,, called the balancing current, can be meas- 
ured directly with a milliammeter, or on a Cambridge thermo- 
electric potentiometer, this measurement and that of R being 
described in section 4 of this Paper. Owing to the shortness 
of the wire, and the fact that for a balance the temperature 
at the middle remains constant, such a balance may be 
found quickly—new steady states being obtained in a few 
minutes. 

In contrasting the conditions of these experiments with those 
for Gray’s conductivity experiments we observe in the present 
research :— 

1. That the quantity of heat passing down the wire has nct 
to be measured, that a small emissivity loss is permitted by the 
theory, and that error due to the temperature gradient not 
being quite linear is thus of smaller magnitude. Moreover, 
the temperature gradient in the strict sense is not required at 
the middle of the wire, but rather the term U/L of the next 
section. Probably, therefore, in the present method, a longer 
wire in proportion to its diameter may be used. 

2. Greater care must be taken in this method than in Gray’s 
- method in passing-the wire through the constant tempera- 
ture sources. The presence of any solder upon the operative 
part of the wire would not only alter the resistance per unit 
length, but might complicate also by the production of 
Peltier heat. The production of Peltier heat at the actual 
contact of the wire with the thick copper pieces A and B, 
presenting such contrast in cross-section with the wire, can 
easily be shown to have no sensible effect ; and the relation 
between the thermal capacities and thermal conductivities of 
the thick portions A and B, and those of the wire, together 
with the manner of passing the wire through and securing 
its contact, fully justify A and B being regarded as constant 
temperature ends. With every wire a practical test was 
made to show that no sensible change of resistance of the 
detector S resulted on reversing a steady current when H 
and C were maintained at the same temperature. 
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3. -Tue THEORY of THE METHOD. 


(a) Preliminary Treatment. I deal Conditions. 
Considering a rod or wire under a temperature gradient, 
arranged as in Fig. 1, above let all temperatures and tempera- 
ture-coefficients be dated from the fixed “ cold end ” taken as 
zero, and let U be the temperature of the hot end a distance 
DL away. 
Let C=electric current in amperes traversing the wire from 
hot to cold. 
S=specific resistance of the material. 
K=thermal conductivity of the material. 
A=area of cross-section of wire. 
p=perimeter of wire. 
a=temperature coefficient of resistance. 
o=Thomson effect, assumed positive and at first con- 
stant. 
E=heat loss per square centimetre per sec. per 1°C. excess 
temperature above the enclosure. 
§,=temperature of enclosure. 
J=number of joules equivalent to one calorie. 
6=temperature at a distance « from the hot end. 


The differential equation expressing the distribution of 
temperature may be written :— 
d?6 dé 
oe +a de +b6=c, 
where the Thomson heat term a=—Co/KA 


the emissivity term De a ae p ik, 


the Joulean heat term c= Fes +Ep6, | /KA., 
The general solution under the pieent end conditions is :— 


2 —"“(a—L) . Cc 
~ bsinh sale = sinh A(¢—L)— sinh Ax oe 


Umepet: 
Rene sinh A(c—L), 
where A=1/ (a? —4b)/2. 
But if, as is nearly always justifiable, aL/2 may be taken as 
small compared with unity, and if in addition the emissivity 
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term 6 is so small that terms ina. b and c. b may be neglected 
in comparison with a and ¢ respectively, we have 


p= ul *\a ) +U( ae dee era ay 


When a current C, is passing from hot to cold put 6=0, 
c=c,; b=b,; and a=a,;=—Cjc/KA ; and when a oufrent 
C, is passing from cold to hot put 0=0,; c=c,; b=b,; and 
a=a,=+C0/KA 

The temperature change on reversing the current C, and 
increasing its value to C, is thus given by :— 


ao=u(=> sa =o hay) 0 Fal —2)(b,—b,) 


L 
—$2(L— ees arn ares cere CL) 
Uf this is zero at the middle where x= L/2, we Space 

LS - 

a= (C2—Cil-+4a) . . . . (2a) 
R, 
SSCs —O,(1+a5 Abs 1 HRs ey (96) 
R : 3 

=Fy(C2— 1) very approximately, . (2c) 


where R, is the resistance of the actual wire when at the tem- 
perature of the cold end and R& its resistance when under 
temperature gradient. 

Conversely when the current C, is so chosen that at the 
middle d#=zero and relation (2) holds, we have (on substi- 
tuting in equation (1)) for d@ elsewhere :— 


ss u( ae F)s—b1) 


L—% Sa _ ; 
=U 7 isk 20) ogg (C207). 


Thus, if a is zero, the balance is not only in the middle but 
everywhere. If a is not zero, the deviation is symmetrical 
about the middle and can easily be shown to be very slight, 
compared with the temperature changes which result on merely 
reversing the current, but not increasing its magnitude. Thus 
under the conditions assumed aboye the detecting coil may 
have appreciable length if symmetrically wound about the 
middle ; moreover, errors due to lack of perfect symmetry will 
be very small. 


F2 
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(b) Complete Theory : Special Conditions Necessary for Wures. 


While in general, in work on the Thomson effect, the “a 
term, equal to —Co/KA, may be taken as small compared with 
unity, on the other hand, the neglect of products of the “ a,” 
“b” and “c” terms is often not justifiabie. When dealing 
with wires it is more necessary than ever to pay special atten- 
tion to these points, and the following form the chief considera- 
tion of this section :— 

(i.) The effect of a temperature coefficient of the Thomson 
effect. 

(ii.) The effect of a rise of the emissivity loss on both the 
accuracy and sensibility. 

(iii.) The effect of a rise of Joulean heat. 

(iv.) The effect of the length of the detecting coil when 
product terms are considered and co is a variable. 

(v.) The effect of a rise of the Thomson heat or “a” term 
towards unity. 

Assuming that over the range of temperature between the 
hot and cold ends the variation of o is linear, we may write, 

dating temperatures from the cold end as before 


L : og—o(l +6). 
and the differential equation of temperature distribution 
d?6 dé 
b ss oe nes = 
ecome age Ft 18) 7p tO c. 


Still assuming a to be small compared with unity, but otherwise 
carrying the expansion much further, we obtain the solution— 


ou: Ft B) phe QL a) +r aL 2) 


iP 2) 6L? 6L 
Uab , b 
Foz BL —a)(2L—2) —fox(L —2) +5qe(L —x) (a? aL —L2) 
ac abe 
— put —x)(L—2z2) trag XL —2x)(L—22x)(6a?-6La—TL?) (3) 


and hence, using the same notation as before, on changing from 
a current -+-C, to a current —C,, we obtain :— 


10-5 -1(L—a)( ~ay-+4,) +orhn(L—a)(2L—2)( —ay-+a,) 


6L? 
U. U 
+p (La) 2L—2)(b by) +45, @(L—2)(2L—a)(—a,p.+a,b,) 
x 


+2(L—ax)(—c,+¢,) hag (LE — 2) (a? — aL — L*)(b xy —b 01) 


+) 5(l —2)(L 2a) —ayea-ayes) +5, (L—0)(L—22) 


(6x*—6La—TL*)(a2b2¢.—a4b4c,) . (4) 
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Kquating this to zero and simplifying :— 


(aya) 1 P=) SL —20)| 


J 
2L—.: L 
abe —bj) tales —Cy) +5 (2L —2)(A4b, —Aybp) 


L L 
+79 Ge 2h — LY (b20 — bye) tap (L —22)(a 40, — 490s) 
L 
1369 7h — 22) (6x? — 6 La — TL*) (age, — a,b ¢,) ee 


An examination of the left-hand side of this equation at once 
shows that a thermo-junction at the middle of the gradient or 
a detecting coil symmetrically wound about the middle will 
respond to the value of o at this middle temperature. Putting 
x=L/2 we find : 


L 16, 15,3 
(@,—a,)(1 +P0)=9(b2—8,) = 7 (Ca C1) +3 (a,b; —aybp) 
. DEF 
tpg z7 (Ores — P2¢2) » (5A) 


which, on substituting for the a, b and c terms and writing b for 
(6,+0,)/2 and c=(c,-+c,)/2 becomes very approximately :— 


ed (s GUN bol 5A RE, 
= Fyy(C2— G1) (1 +5) Sa. ae . Fy C2—Ca)(b— ac) 
or very approximately. 
Ry aUy bol? 
r= FRIC.—C)U ae) ade . . . . . (6) 


Hence, as 6 is negatiye, if the length of wire is increased or 
the protection diminished, so that 6 becomes of appreciable 
value, the values of o obtained by neglecting it will become too 
low. The effect of the guard-ring of cotton wool in diminishing 
b is very great—as may be judged by the change of resistance 
of the detecting coil on removing it—but experiments were 
performed with constantan wire of different lengths (the metal 
for which 6 is greatest) to show that in the main experiments 
the lengths of wire were sufficiently short for the correcting 
term to be neglected. 


The effect of a rise of emissivity is also to diminish the 
sensibility which is measured by the change of temperature at 
the middle, on reversing, but not altering, the magnitude of a 
mean current C=(C,+C,)/2. Putting a,=—a,=+Coc/KA, 
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b,=b,=b, cy=Co=6, and #=L/2 in equation (4), and 
neglecting variations of « with temperature, we obtain for the 


sensibility :— ; 
ULCc/, , bL? 


=e (l+s) - ot sie, ear 


Though an increase in Z within the limits allowed by the 
emissivity loss increases the sensibility any such benefit is in 
great part lost by the increase in time needed for the attain- 
ment of the steady state. An increase in U is also undesirable 
and unnecessary, the smallness of A giving satisfactory sensi- 
bility even with moderate currents. 

From equation (5a) it is easy to see that a rise of the c term 
embracing Joulean heat is—unlike a rise in the 6 term—quite 
unimportant both from the standpoints of error and sensibility. 


It is important to study the effect of increasing the length 
of the detecting resistance coil beyond the immediate neigh- 
bourhood of the middle of the wire, thereby obtaining a greater 
absolute change of resistance on reversing an electric current 
through the wire under test. 

Let d=length of detecting coil symmetrically wound about 
the middle. Then the average temperature to which. it 
corresponds is given by :— 

L+d 


Passing a current C, in the positive direction, writing a=a,, 
b=b,, c=c,, and integrating the expansion for 6 of equation (3) 
we have :— 


2 UU Ly eeed es cee 
maz arg (1-373) +1 Gg (1-gza) 


d?\  a,b,U /45L4—20L2d? +30’ 
le | 2 a Ae 
ne (1 sr) — 12L ( 240 ) 
25L4—10L2d2 +d4 
Bgl arcs eet (8) 


the term a, including B the Thomson effect coefficient and 
U are . 
(1 +B. =): A similar expression is ob- 


. —U4o 
standing for KA 
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ee for 2 on passing a current C, in the opposite direction, 
ence 


UL da? UL? d? 
Sa Gi — (@,—44)—— (1 aan +(b,— be ¢ 37) 


et og TA od U (4514-20124? +3d! 
(Cy ag (1-373) (ab abiioz ( 240 ) 
2514 —10L?d?-+d 
(3c =O) »)( 1920 ‘ 


f 2 
Equating to zero and dividmg throughout by es (1 Dies 
we have :— 
L L 1 
da — = 5(b2 —by) — (C20) — 12. ee 30 (ad, by —ab,) 
45L4—20L7d? +3d4 
( 1—d?/3L? ) 


| Sy Sree 725L4—10L7d? +d! 
—To 3492-9) (47 —FR ) 
Substituting for the a, b and c terms, and in the last two 
terms neglecting a and # and writing b for (b,+0,)/2 we have 
the very approximate expression :— 
ie aU, bs 1 /15L4—10L%d?-+3d4 
v= 7(C2-ON +3) a9 (Tere): 10) 


The correcting term in 6 becomes —boL*/48 for d=zero, 
—bo-L?/50 for d=L/3, —bo- L?/52 for d=L/2, and —bo L*/60 for 
d—L. The effect of the detecting coil is thus small but helpful 
in diminishing the éffect of emissivity. 


The assumption that the a term, 7.e., Co/KA is small com- 
pared with unity is, of course, justifiable in nearly all ordinary 
work where rods are used. Though L is small in the case of 
wires, the smallness of A is such as to render an investigation 
most desirable. The general case is complicated, but, by 
neglecting # the Thomson effect temperature coefficient, and 
assuming b the emissivity loss to be rendered negligible, the 
effect of a rise of La/2 may be studied. The general solution 
for 0 is then :— 

e,@~—6 %. co ch /l—e-* 
eek [—e-% ) ne th toaan): 
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The author is indebted to Miss M. L. Humby, B.Sc., for the 
following solution obtained by the use of Bernouilli’s numbers : 
UL—«)(, % a(L-22)..,e(L—z) , 

Ty | a? ane eee 
a(L—2x)(L? +3Le—327) 
al 720 


j= 


s y 
ca: Fe eon ; 


a(L—2x)(L?+3Le—32?) 

« 720 Ng 

With the usual notation we may obtain 0,—0, the difference 

of temperature which results on changing from a current +-C, 

to a current —C,, and equating this to zero and simplifying 
we find :— 


Z Bp —4)(4, +) see —4a;) 


(L—2a)(L2 31 32? nantes 
Eat nas ae (a2 +a,2)(ay—a,)(ag+0,) 


+. 


L 
Fle. —%) 
L /L—2x L ,L-« 

( 6 Vase, a40y)+ >) (aeo—a;%e,) 
we (L—22)(L?+38La —32") 
U 360 

Putting e=L/2 and causing symmetrical terms about the 
middle to vanish, we find on substituting for a and c :— 
dg TL? a8 Pate ‘ 
r= Jo (CoCr) tag - ages? —CsCa +00") — FTO Kew? 
(C,—C,)(C.? +C,?) 


(a,°c.—a,%c,), 


which leads to :— 
R EP? CC, 
JU ~ 48" K2A® 
Calling C,C,/K?A?=C?/K2A?, where O=\/0,C,, and 
a=Co/KA, we obtain :— 


aa 9 
o(1+a Fal =n, Peed creer ee 


So an error due to the rise of a or Co/KA towards unity is 
hot important until L*a?/48 rises towards unity. 


— 


(C.—C;) 
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4. Tue Practice of THE Meruop. 

(a) The Measurement of C,—C, the Balancing Current. 
The method of measuring the excess current C,—C, which 
will just balance the change of Thomson heat on reversing the 

main current will readily be understood from Fig. 3 below. 
~The main circuit consists of accumulators (10 or 12 volts), 
an ammeter, rheostats, the reversing switch K,, the apparatus 
E with the wire under test and the special resistance R. The 
reversing switch K, was specially designed to be of negligible 
resistance so that the current should not alter appreciably on 
making a reversal even under low voltages—most mercury 
commutators being untrustworthy in this respect. The 
special resistance frame R consists of two thick constantan 
wires, each of about 1 ohm resistance stretched across stout 
copper pieces well supplied with terminals as shown. Its object 


Ammeter 2 a lts hkheostats 


M 
Standard Standard 
[ee } {es 
Mill ohms. O-Zohm ohm 
ammeter 
SHUT Getto 


is to supply the main circuit with two exactly equal resistances, 
the one including the experimental wire and extending from 
A to B in the diagram, and the other from BtoC. By means 
of the special switch K, of negligible resistance either of these 
equal resistances can be shunted through the branch circuit . 
This latter consists of a resistance box, a rheostat, a milli- 
ammeter, and a standard 0-2 ohm, with potential leads for 
calibrating the milliammeter directly on a Cambridge thermo- 
electric potentiometer reading to 30 millivolts: on the same 


74. MR. H. R. NETTLETON ON 


potentiometer, the 0:2 ohm could be compared with a standard 
1 ohm. The equality of the two resistances A-B and B-C 
can be tested by the equality of full deflections of the milli- 
ammeter for both sides of the rocking key K,—the fine adjust- 
ment being effected with the aid of the high resistance shunt 
rheostatS. As either A—B or B-C is always shunted, the current 
through the main circuit will remain constant, no matter in 
which direction it is flowing, and on transferring the shunt 
circuit M from AB to BC by the rocker K, the current flowing 
through £ the wire under test will be greater than before by 
the reading of the milliammeter. 

The keys K, and K, were side by side and could be switched 
over simultaneously, in which case in general the detecting coil 
S of Fig. 1 would indicate a change of temperature unless the 
changes of Joulean and Thomson heat were perfectly balanced. 
The milliamperes required for a balance give C,—C, of the 
formula for oc. 


(6) The Detection of Change of Temperature in the 
Middle of the Wire. 

The terminals of the copper resistance detector S of Fig. 1 
were joined by thick copper leads to a Post Office box with 10 
and 1,000 ratio arms arranged for maximum sensibility as in 
Fig. 4. The battery was a 2-volt accumulator, and was allowed 


Accumulator 
Lthvely eeae 


to give a continuous current throughout the experiment so 
that the slight heating effect in the thermometer coil S should 
be constant. By balancing first to the nearest ohm and then 
shunting the 10 ratio arm with a high resistance it could easily 
be arranged that on depressing the galvanometer key no 
deflection resulted. On reversing the main current through 
the wire under test and switching over K, of Fig. 3 simultan- 
eously, and again, after a minute, depressing the galvanometer 
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key, there was in general a deflection unless the Thomson heat 
was exactly balanced by the small current registered by the 
milliammeter. The galvanometer was a low resistance quartz 
fibre instrument of the Broca type, | micro-ampere, producing 
some 13 cm. deflection on the distant scale. 


(c) The Measurement of U the Temperature Difference Between 
the Ends of the Wire. 


The temperature difference U will be somewhat smaller than 
the difference of temperature between the steam in H and the 
water in C of Fig. 1. It was measured by an iron-constantan 
thermocouple insulated with special varnish, the junctions 
being well inserted in the holes a and 6 of Fig. 1, which contain 
a little mercury. The thermocouple gave 54:38 microvolts 
per degree between 0°C. and 100-15°C. and 54-92 microvolts 
per degree between 21-64°C. and 100-15°C. The constantan 
wires were joined together and the iron wires to copper leads, 
these latter junctions lying side by side in tubes containing 
paraffin oil and immersed in a large water bath. The copper 
leads were joined to the Cambridge thermo-electric potentio- 
meter and the microvolts read off directly. U only differed 
by 0:2°C. to 0:3°C. from the temperature interval between the 
steam and the water. - 


(d) The Measurement of the Resistance oj the Wire 
Between its Ends. 


Owing to the small temperature coefficient of the alloys used 
in this research it was sufficiently accurate to find the resistance 
of a long length of the wire giving an exact balance on an 
accurate Post Office box, and to measure the length of the 
experimental wire between its ends, as in Gray’s experiments, 
to about 0-1 mm. 

It was found, however, that the resistance of the actual wire 
could easily be measured in situ by treating it as a low resist- 
ance and using the mercury holes a and 6 of Fig. 1 for the in- 
sertion of potential leads. A current of the nominal value 
1018 amperes—which gave a P.D. across a standard ohm. 

sufficient to balance a Weston cell—could easily be sent through 
the wire in either direction, while the millivolts across a and b 
were measured directly on the thermo-electric potentiometer. 
The good agreement between the two methods is important in 
showing good contact, definite ends, and smallness of end 
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correction. The balance on the potentiometer was also almost 
identically the same whether the current was let directly into 
the wire or in at a terminal on the steam heater except 1n one 
case, where the solder was found not to have taken to the 
copper. It will probably be possible to measure in this way 
the actual resistance of a wire of normal temperature coefficient 
under actual temperature gradient provided the mean of the 
millivolts be taken resulting from the interchange of the 
potential leads and the reversal of the main current. ' 

By using the same standard ohm in the manners indicated, 
both as a basis for calibrating the milli-ammeter or measuring 
C,—C,, and also as a means of obtaining a known current for 
the measurement of R the resistance of the wire, it is note- 
worthy that its actual value disappears from the calculation 
tor « and that the accuracy, of the potentiometer becomes the 
important factor. 


(e) The Sensibility of the Balance, the Rapidity of Working, and 
the Attainment of the Balance. 

When the apparatus of Fig. 1 was fitted with a constantan 
wire of length 4cm., supplied with steam and ice so that 
U=100°C. approximately, and was traversed by a current of 
3-5 amperes, a full scale deflection of 50 cm. was obtained in 
just over a minute if the current was merely reversed but not 
altered in magnitude. Using steam and water at 22°C. and 
reversing a current of 3 amperes, 30 cm. deflection was ob- 
tained in 1 minute and 37 cm. in 2 minutes. With German- 
silver of the same length, 100°C, interval, and 3-5 amperes 
18 cm. deflection was observed in a minute. In manganin 
the Thomson effect is feeble, viz., 0-68 micro-calorie per 
coulomb, but for U=81°C. a reversal of the same current 
yielded 5 cm. deviation in the first minute. 

This sensibility is very satisfactory, and in further work the 
author hopes to increase it. Moreover, as the steady state is 
attained so rapidly it is unnecessary to duplicate by use of a 
second parallel wire—indeed, such duplication would add 
difficulties—for, in the short time needed for testing a balance, 
change of temperature of the detecting coil due to other causes 
is normally inappreciable. The time of attainment of a new 
steady state probably shortens on nearing a balance, for in the 
limit, when the balance is perfect, the middle is a point of 


stationary temperature and the length of wire is in this respect 
virtually halved. 
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Practically the sensibility is not purely a function of the 
current and temperature difference even for the same wire ; 
for such variable features as the stability of zero of the gal- 
vanometer or the steadiness of the sources or “ progressive 
changes ” all influence the precision of balance. For example, 
though U was greater when ice was used instead of ordinary 
water, the slow progressive rise of temperature of the tank in 
the former case rendered a balance more difficult and often 
less precise. 

The balance is best approached from both sides by trying 
first the effect of too big and then of too small a shunt current. 
After balancing the galvanometer and switching over K, and 
K, simultaneously the galvanometer key may again be de- 
pressed in about 30. seconds and a movement of the needle 
looked for. When approaching closely the exact balancing 
current several reversals should be made so as to make sure 
that any slight movement of the galvanometer line of light is 
reversible and not due to a slight progressive change of tem- 
perature. Such progressive changes have always caused 
trouble to experimenters on the Thomson effect. They are 
due, among other things, to variations in temperature of the 
hot and cold sources, to insufficient protection of the wire from 
convection currents, to variation of the main current and the 
room temperature and to local thermo-electric effects; they 
may be reduced greatly by special attention to these points 
and by duplicating the apparatus, but nothing tends more 
towards their elimination than securing rapidity of attainment 
of the steady state. 

The balance was unaffected if the current instead of entering 
the steam chamber by the wire under test entered by a ter- 
minal on the steam heater. 


5. Resutts oF EXPERIMENTS. 


The results of all experiments are tabulated in Table I. 

The resistances of the wires used are shown in Table II. The 
values in the last column obtained by the potentiometer method 
were those used in the calculation of . The resistance values 
correspond to 20°C. approximately. 

In this preliminary work with alloys, the small temperature 
coefficients were neglected in the calculation of « the Thomson 
effect. The best experiments show ¢ for the constantan used 
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TasLe I.—Values of o. 


Material and” Main Balancing 
number of U current current in 
experiment. amperes. |milliamperes. 
(1) 78-5 20 | 88+1 
2) 77-2 2-75 ss+1 
3] 76-5 3-5 86-5+0-5 
4| 78-1 2-75 87+] 
5] 78:3 | 3-5 87-740-2 
Constenren 3) 6) TSE O 87-5 0-5 
ae Nae 7780 F385 87-5+0-5 | 
8} 99-4 3-0 1ll+1T 
9/995 38-5 111-541 
10/996 3-0 1l1+1 
11 99:7 see oO 110-5+1 
1| 800 | 3-5 80:0+0-5 | 
Constante D499) 795 jes 0 80-01 
stg 3/996 | 3-0 100+1 
| 
Constantan Cf 1) 79-5 3-5 73-40-5 | 
L=4-95 2) 79:3 | 3-0 73-4+0-5 
lConstantan Df 1] 83-7 | . 35 64-140-5 
L=5-9, 2 | See Note below | 
Pe 1] 77-8 3-0 87-541-5 | 
Silver G2 2| 78° 3-5 89-041 
eG 3] 99:3 3-0 110-541 
eee 4| 99-3 3-5 109+1 
Manganin M f 1| 80-7 3-5 15-440-5 | 
L=40, 2) 81-7 3-0 15-4+0°5 


Temp. o X 10° in 
at which (calories per, 
a is found.| coulomb. 

60 —4:7, 
61 —4:8, 
61 —4:7, | 
61 —4:7, 
61 —4:7, 
61 —4:7, 
61 —4:7, 
50 —4:7, 
50 —4-7, 
50 —4:7, 
50 —4-6, 
60 —4:7, 
60 —4:7, 
50 —4:7, 
60 —4:6, 
60 —4:6, 
58 —4:7, 
61 | —2-35 
60 —2:3, 
50 —2:3, 
50 —2-2, 
60 +06, | 
60 +06, © 


Experiment C, was only a retest of balance performed an hour later under 


3 amperes. 


The result of experiment D yielding a higher value was sur- 


prising when a lower value was expected ; nevertheless, the balance was very 


definite. 
sivity loss. 


Perhaps the rise of the “ a” term had more effect than the emis- 
On removing nearly all the cotton wool a much lower balancing 


current—about 60 milliamperes—was required but convection currents then 
prever.t precise measurement. 


TasieE II.—Resistances at 20°C. of Wires Employed. 


—<_—_——~. 


| Resistance calculated 


Resistance found o 


n 


Manganin M 


Material. Length from value thermoelectric 
in cm.) per unit length potentiometer. 
| | ohms. ohms. 

Constantan A...... 4-0, | 00173, 0-0176, 
Constantan B...... 4-4. 0-0192, 0-0196 
Constantan C 4-9; 0.0211, 0.0212, 
Constantan D...... | 5:9, 0-0257, 0-0261 

M ..... | 4:0, 0-0147, 0-0148, 
German SilverG | 40, 0-00864. 0-00866 
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to be about —4-7,x 10-6 calories (J,,=4-18) per coulomb per 
1°C. at 60°C. The corresponding values for German silver and 
manganin are —2-3, and + 0-6, micro-calories respectively. 


6. CoNcLUSION. 


The method appears promising on account of its simplicity, 
rapidity and sensitiveness, the detector, unlike a thermo- 
junction, producing no distortion or alteration of electrical 
resistance at the critical place. The limit of accuracy attain- 
able will probably be found to be associated with thermal and 
electrical “‘end-correction.” That the Peltier effect has 
negligible influences is confirmed by Konig (“ Phys. Zeits.” 17, 
June 1, 1916) in a very recent Paper, and additional practical 
tests of this point are in view by the author. A new apparatus 
suitable for temperature coefficient work is in the process of 
design, and the author hopes to carry out the intention ex- 
pressed in section I. as soon as conditions improve ; bismuth 
wire of the desired gauge is not obtainable at present. 

The author must express his thanks to Miss E. M. Humby for 
valuable mechanical help when difficult to obtain, and es; ecially 
for services rendered in the successful fixing of the wires through 
the constant temperature sources. He is also indebted to Dr. 
A. Griffiths for placing at his disposal for so long a time so much 
of the best electrical apparatus in the physics department. 
The expenses of this research were completely defrayed by a 
grant from the Dixon Fund, University of London, for which 
the author is very grateful to the Senate. 


SUMMARY. 


This Paper describes how absolute measurements of the 
Thomson effect may be made in wires. The theory is fully 
worked out and the sources of error likely to arise—owing 
especially to the smallness of the area of cross-section—are 
considered. The method is sensitive, consistent, and very 
rapid and the ultimate object is to determine the Thomson 
cflect at different temperatures in a number of metals, both 
rare and base, at the same time and with the same specimens 
finding their thermo-electric powers. The preliminary ex- 
periments of this Paper, testing the method, are with con- 
stantan wires of different lengths, with manganin, and with 
German silver. 
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DISCUSSION. 


Mr. F. E. Suirn suggested that the method might have been modified 
by having two exactly similar systems arranged in opposite arms of a 
Wheatstone bridge, so that the current passed from hot to cold in one 
wire and from cold to hot in the other. Any change in the relative 
temperatures of the two wires on reversing the current would be indicated 
by the bridge being thrown out of balance. This seemed preferable to | 
measuring the temperature of a wire by the resistance of another wire 
wound round it. 

Mr. D. OwENn thought the method was very satisfactory. Had the 
author thought of using electrical heating for the hot end in order to get 
smaller temperature gradients, in view of the high sensibility of the 
arrangement? He thought the figures of Oosterhuis stood in need of 
verification. If the author could adapt his method to deal with crystals, 
such as were employed in wireless detectors, the results would be of very 
great interest. 

Dr. R. 8S. Wittows said that it was difficult to see from the equations 
which Mr. Nettleton had put down on the board whence the energy was 
derived in cases such as those mentioned in the Paper which Mr. Darling 
was about to read. In some of these cases dH/dT and d*H#/dT? were both 
zero. It would be useful if the method could be rendered applicable 
to substances with large temperature coefficients. 

Prof. W. Eccuns said he had hoped that the author would have explained 
just what the important points of the method were in a less abstract 
manner—with the aid, say, of diagrams of the temperature conditions 
along the wire before and after the current reversal. 

The AuTHoR, in awritten reply, thanks Mr. F. E. Smith for his suggestion, 
which, however, as regards sensibility, would depend on the value of the 
temperature coefficient of resistance, and might carry with it additional 
complications such as those which enter into King’s experiments. In 
reply to Mr. Owen, the use of electrical heaters would simplify temperatur 
coefficient work enormously, but unfortunately there are mechanical 
difficulties arising out of the facts that the solder fixing the wire must be 
applied from behind, and that, in order that the resistance of the wire 
may be measured as a low resistance in situ, the copper must be narrowed 
down, as shown at K in Fig. 2, leaving a very small bearing surface at 
N. The author still hopes that he may be able to overcome these diffi- 
culties, while ensuring at the same time that the difference of tempera- 
ture U, measured by the thermocouple, is substantially that between the 
extremities of the wire. He agrees with Mr. Owen that the results of 
Oosterhuis should be confirmed, as well as those of Aalderink, in view of 
the extraordinary conclusions to which they lead ; at the same time, he 
has a very high opinion of the methods adopted at Groningue, and his 
own results on mercury some time ago were not very different from those 
of Schoute In reply to Prof. Eccles, the author has himself felt the diffi- 
culty of explaining the essence of the method simply and satisfactorily. 
Graphs of the distribution of temperature afford little help. What is 
actually done is explained in a few words in section 2 of the Paper, 
though no simple proof of the formula is given. A ‘‘ proof” of the 
formula c=R(C,—C,)/SU is obtained very simply by equating the 
electrical heat produced per second per centimetre—viz., O,2R/SL 
+C,0U/L, when C, is passing from hot to cold, to that produced when 
C, is passing in the opposite direction—viz., C,2R/SL—C,o'U/L. This 
proof was omitted not so much because it assumes that o, R and the 
temperature gradient are constant everywhere, and ignores emissivity, 
as because it neglects thermal conductivity, or assumes that Joulean 
and Thomson heat are propagated similarly. In reply to Dr. Willows, 
the method is equally applicable to wires of large temperature 
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coefficient. Equation (28) may then be applied, or equation (2c) if the 
resistance of the wire be measured directly while under temperature 
gradient, as suggested in section 4p. The author has no satisfactory 
explanation of the energy problems arising out of the researches in 
Holland, or those arising from Mr. Darling’s experiments: in the absence 
of measurements of o and m there are few data to go upon. In the case 
of Mr. Darling’s experiments, it must be remembered that though with, 
say, the bismuth silver couple over the range 300°C.-500°C., both d#/dt 
and d?#/dZ? are zero, no additional energy or thermo-electric force is 
manifest. If the law of successive temperatures is true with Mr. Dar- 
ling’s materials, a thermocouple composed of molten bismuth and silver 
with one junction at 300°C. and the other at 400°C. or 500°C., should 
show no E.M.F., corresponding to zero Peltier effects and equality of 
Thomson coefficients. 
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V.—On the Thermo-electric Properties of Fused Metals. By 
CHARLES Rosert Daruine, A.R.C.S., FI.C., and ARTHUR 
W. GRACE. 
RECEIVED OcTOBER 30, 1916. 


1. Bismuth. 


In measuring high temperatures by the thermo-electric 
method, it has hitherto been customary to regard the melting 
point of either member of the couple as the extreme tem- 
perature capable of being measured. As pyrometers of this 
type are now constructed, the fusion of either metal causes a 
break in the circuit, and hence for temperatures exceeding 
1,000°C. it has been found necessary to use junctions of plati- 
num and an alloy of platinum and rhodium. If, however, a 
pyremeter could be arranged so that the fusion of either 
m(mber of the junction would not destroy the circuit, it might 
be possible to use cheap metals over very high ranges of 
temperature, provided the boiling points were not too nearly 
approached. The boiling points of metals have been inves- 
tigated by Greenwood, who has shown that the values for 
common metals frequently exceed 2,000°C. ; tin, for example, 
boiling at 2,270 deg., copper 2,310 deg., and iron 2,450 deg. 
It would, therefore, appear feasible, in a specially designed 
pyrometer, to measure temperatures as h'gh as 1,500 deg., and 
probably higher, by using common metals in the molten con- 
dition, provided their thermo-electric properties were suitable. 
Further, in the case of bismuth, which boils at 1,420 deg., the 
high E.M.F. developed when this metal is joined to iron, 
copper, &c., suggests the possibility of delicate measurements 
over a range from 0 deg. to 800 deg. or 1,000 deg., again 
assuming that the thermo-electric properties after fusion are 
. Satisfactory. 

With these objects in view an investigation was commenced 
by the first-named author about three years ago, but owing to 
the abnormal conditions prevailing, progress has been very 
slow. Asa preliminary, it was necessary to determine whether 
any notable change in thermo-electric properties was caused by 
fusion, and the results arrived at in this connection were given 
at the meeting of the Society held on June 30th, 1916. It was 
then shown that in the cases of lead, tin, zinc and cadmium, 
using a variety of metals as second members of the junctions, 
that no perceptible break occurred in the continuity of the 
curves obtained by plotting E.M.F. against temperature, 
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either at fusion or at any subsequent stage up to 700°C. With 
bismuth, however, several cases were noted in which the 
K.M.F. remained nearly constant after fusion over a wide 
range of temperature, reproducing the phenomenon of thermo- 
electric “ halt ” observed by Barrett* with a junction of iron 
and an alloy of iron, nickel and manganese containing 1-2 per 
cent. of carbon. This property of molten bismuth has since 
been more carefully examined, and also the behaviour of 
molten bismuth in cases where this halt is not obtained ; and 
the present Paper is devoted to the special case of bismuth. 
Work is being carried on, as circumstances permit, with a view 
to accomplishing the main object of the research, and it is 
hoped to communicate the results at a later date. 


Historical. 


The effect of fusion in the case of an iron-bismuth junction 
was first observed by von Obermayer in 18727. The bismuth 
was placed in a funnel provided with a long stem, and a 
junction formed at the upper and lower end, and the upper 
layer ot bismuth in the conical part was melted by heating this 
portion of thé funnel. A complicated method for measuring 
the thermo-electric change was used, in which values were 
referred to a copper-german silver element. A falling-off in 
E.M.F. was noted after fusion. 

Further observations on similar lines were made by Minarelli 
in 1875, who found that with junctions of Bi-Fe and Bi-Pt 
the E.M.F. diminished after fusion, whereas with Bi-Cu the 
effect of fusion was to slow down the rate of increase. Obser- 
vations were made up to 380°C. with Bi-Fe and Bi-Cu; and 
up to 500 deg. with Bi-Pt. The results obtained suffered from 
the absence of an accurate method of measuring the E.M.F. 
developed. 

No systematic examination of the thermo-electric properties 
of fused bismuth appears to have been made since this date, 
although one or two isolated results have been recorded bearing 
on the effect of fusion, but not upon the properties of the liquid 
metal at temperatures much higher than its melting point 
(269°C.). Thus K. Siebelg found that with a manganin-bis- 
muth junction the E.M.F. temperature curve changed in direc- - 


* « Phil. Mag.,” Vol. XLIX., p. 309, March, 1900. 

+ “ Sitzb. der k. Akad. der Wissench.,”’ Vol. LXVI., 1872. 
+ “ Sitzb. der k. Akrad. der Wissench.,” Vol. LX XI., 1875. 
§ “ Annalen der Physik,” Vol. XLYV., 6, pp. 839-860, 1914. 
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tion at the melting point, and became horizontal up to 300°C., 
beyond which it was not traced. He observed also a change 
at the melting point of an alloy of antimony and cadmium when 
joined with constantan. The results embodied in the present 
Paper include measurements of H.M.F. against temperature 
up to 560°C. with junctions of bismuth and a variety of metals, 
and are thus an extension of previous work. 


Experimental. 


In order to maintain the circuit after fusion, a salamander 
crucible, A (Fig. 1), was inserted in a sheet of uralite so as to 
leave the upper rim projecting about 0-5cm. A groove was 
cut in the uralite, and a corresponding groove filed in the 
crucible, so that the molten metal could overflow into the 
channel in the uralite. This channel was filled with bismuth 
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to a distance of about 50 cm. from the crucible, where a cold 
junction, C, was formed with the metal under test, which was 
fused into the bismuth. The hot junction, H, was made by 
dipping the metal directly into the crucible, or, in cases where 
the metal was attacked by the bismuth, by surrounding the 
wire by a tight graphite sheath which was immersed in the 
crucible. Temperatures were measured by means of a care- 
fully calibrated iron-constantan junction, protected by a - 
graphite tip, and immersed in the bismuth side-by-side with 
the hot junction. Some of the earlier results were checked 
with a pressure thermometer, which was broken and could not 
be replaced. The solidification of the bismuth served as a 
check to the pyrometer in each experiment, and in no case was 
a greater discrepancy than 2 deg. observed. The temperature 
of the cold junction was taken from a thermometer placed with 
its bulb touching the junction, and varied between 18 deg. and 
20 deg. on different days, not being noticeably affected by the 
flow of heat along the bismuth. The crucible was heated by 
a Méker burner, which proved capable of raising the tempera- 
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‘Interpretation of Results. 

The results obtained show in all cases a marked change in 
thermo-electric properties at the melting point of bismuth, the 
nature of the change, however, depending on the second metal. 
Fig. 2 represents the temperature-E.M.F. curves of copper, 
silver and nickel, and it will be noticed that at the melting 
point of the bismuth an abrupt change occurs in each instance. 
In the case of copper, a small but steady increase in E.M.F. is 


EMF (millivolts) ~ 


observed after fusion; with silver the E.M.F. is practically 
stationary between 300 deg. and 500 deg. ; whereasa rapid fall in 
E.M.F, occurs with nickel. The other metals experimented with 
give curves resembling one or other of the typical examples 
shown. Brass shows a slight fall in E.M.F. between 280 deg. 
and 350 deg., after which a slow, steady rise is observed. Iron, 
aluminium and nichrom resemble silver in producing a station- 
ary or nearly stationary E.M.F. with the fused bismuth. 
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German silver and constantan give curves resembling that of 
nickel; whilst graphite and platinum show a more gradual but 
continuous fall in E.M.¥. after the bismuth has melted. The 
sample of constantan wire was purchased as such, but did not 
give so large an E.M.F. either with solid bismuth or iron as is 
generally attributed to this alloy, and was probably different 
in composition to the ordinary material. 

No attempt was made to construct a thermo-electric diagram 
from the results—as it would be impossible to obtain correct 
values of d#/dt at all parts of the curves, many of which show 
small flexures—without making measurements of a much higher 
order of accuracy in the region of these flexures. This would 
involve temperature measurements of a greater degree of 
refinement than is possible with the methods employed ; and 
it is doubtful whether any conclusions of value could be de- 
duced from such a diagram even after specially accurate results 
had been obtained. When the temperature-E.M.F. curves 
are parabolic, and thermo-electric powers may be represented 
by a straight line, the diagram may be of service ; but as this 
does not apply to the greater part of our results no attempt in 
this direction has been made. We may point out here that 
the diagram originally given by Tait, and still reproduced in 
books is in error, as showing a neutral point in the case of iron 
and lead between 350 deg. and 400 deg., followed by a dimin- 
ishing E.M.F. Using the experimental methods described in 
the present Paper, we find the E.M.F. of a lead-iron junction 
rises continuously up to 650 deg., and that the neutral point 
supposed to exist about 40 deg. above the melting point of lead 
is purely imaginary, having been arrived at by unjustified 
extrapolation. The usual form of thermo-electric diagram, 
consisting of a number of straight lines crossing at various 
points, is of interest mathematically,‘but is quite unsafe as a 
guide to the thermo-electric properties of metals over long 
temperature ranges, and particularly so when extrapolated 
beyond the fusion points. 

The nearly constant E.M.F. observed with silver, aluminium, 
iron and nichrome over a range of nearly 200 deg. beyond the 
melting point of bismuth suggests the possibility of a steady 
thermal source of E.M.F., the value of which would be approxi- 
mately 17, 15, 16-5 and 16 my., taking the metals in the order 
given above. An E.M.F. of this order of magnitude is used in 
thermo-electric pyrometers in opposition to the hot junction, 
so as to enable the whole scale to be used for a given range of 


83 MESSRS. DARLING AND GRACE ON 


temperature—say, 500 deg. to 1,000 deg.—the opposing K.M.F. 
preventing the movement of the indicator until overcome by 
that of the hot junction. At present a cell, broken down by 
resistances is employed to furnish this counter E.M.F., re- 
peated adjustment by reference to a standard cell being neces- 
sary as the working cell runs down. A thermal cell, if durable, 
and sufficiently accurate, would be cheaper and simpler in use 
than the method now employed, and experiments have been 
carried out with a view to testing the practicability of a thermal 
cell for this and similar purposes. It is quite simple to adjust 
a gas flame so that the temperature of the molten bismuth does 
not exceed an assigned limit, such as 400 deg., and practical 
permanence of the temperature of the cold junction can be 
secured by surrounding it with water. In order to discover 
whether repeated heating caused any change in the E.M.F., an 
Al-Bi junction was heated for a total of 70 hours without any 
alteration being detected; and in no case’ has prolonged 
heating been observed to alter the E.M.F. A difficulty, not 
yet overcome, is the oxidation of the bismuth, which takes 
place to such an extent as ultimately to break the circuit. 
Work is still in progress with a view to finding which of the four 
metals named is the best for practical service, and to secure 
permanence by preventing oxidation. One drawback to the 
use of aluminium is that if heated above 370 deg. the E.M.F. 
rises in value from 14-7 to 15-0 mv. at 460 deg, further heating 
causing the value to fall to 14-75 at 530 deg. ; and hence 370 deg. 
is the highest permissible temperature. This leaves a range of 
only 100 deg. over which the E.M.F. is constant to within 
0-05 mv., and would necessitate careful regulation of the flame. 
With silver, the corresponding range is between 320 deg. and 
440 deg. ; with iron, 300 deg.-400 deg. ; and with nichrom 
270 deg.-420 deg. The last-named appears to be the most 
promising, but no final conclusion can be arrived at until 
prolonged tests have been made. For any temporary pur- 
pose, however, an arrangement such as that described in Fig. 1 
may be used as a steady source of low E.M.F., using nichrom 
wire and a flame just sufficiently high to keep the bismuth 
melted. This will be found useful in measuring low H.M.F., 
evaluating galvanometer deflections and similar operations. 
It is evident, from the results, that molten bismuth cannot 
be utilised for the measurement of temperatures. Its thermo- 
electric properties, after fusion, are different from those of tin, 
lead, zinc and cadmium, all of which show no marked discon- 
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tinuity as the result of fusion. Preliminary experiments with 
antimony suggest a similarity to bismuth in this respect, but 
owing to the higher melting point of the former (632°C.) the 
apparatus used with bismuth is unsuitable. An electric heating 
arrangement is under construction with which it is hoped to 
attain temperatures of 1,000 deg., in order that the properties 
of various fused metals may be examined over a wider range. 

The present investigation has been carried out in the Heat 
~ Laboratory of the City and Guilds Technical College, Finsbury, 


H.C. 
ABSTRACT. 

' One of the authors has for some time been investigating the 
possibility of using base metal thermocouples at temperatures above 
the melting point of one of the constituents. For this purpose it 
was necessary to determine whether any peculiarities in the thermo- 
electric behaviour of metals occur at fusion. In the case of lead, 
tin, zinc and cadmium there is no perceptible break in the con- 
tinuity of the curves obtained. In couples containing bismuth, 
however, several cases were noted in- which the E.M.F. remained 
constant for a wide range of temperature after the fusion of the 
bismuth. This occurs with silver, aluminium, iron or nichrom as 
the other element. Useful applications of this property are dis- 
cussed. No attempt was made to construct a thermo-electric dia- 
gram from the results, as it would be impossible to obtain correct 
values of dH/dt at all parts of the curves, many of which show small 
flexures, without making more accurate measurements in the region 
of such flexures than was practicable. 


DISCUSSION. 


Mr. A. CAMPBELL, in a communication which was read by the Secretary, 
remarked that he had made similar experiments (Proc. Roy. Soc., 
Edin., 1888) on Wood’s metal, an alloy of bismuth melting at 73°C. 
The results of measurements against iron from 8°C. to 150°C., when 
reduced to a thermo-electric diagram, gave one straight line up to the 
melting point, and another straight line, of a different slope, above the 
melting point. He disagreed entirely with the authors’ remark son the 
usual thermo-electric diagram. A diagram. of the thermo-electric 
powers was most valuable, even though the lines may not be straight at 
the extreme temperatures. If anything is to be deduced from observed 
results, the first step is to plot the thermo-electric powers against tem- 
perature. Why the authors give results of tests against a whole series of 
metals is not clear. A set of tests against one metal would have been 
sufficient to fix the bismuth curve on the thermo-electric diagram, and 
all the other results could then have been deduced from the curves of the 
other metals already determined by more exact methods. 

The PresipENnt expressed himself puzzled by the results shown in 
Fig. 2. Up tothe melting point of bismuth the different metals gave 
with it increasing E.M.F.s. At the melting point, however, discon- 
tinuities occurred, and it appeared that if one eliminated bismuth by 
subtracting the ordinates of one curve from another, discontinuities 
would also ocem, at the melting point of bismuth, in the properties of the 
couples obtained by combining the other metals inter alia. This, of 


course, was not true. 
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Prof. Howe pointed out that there was not a marked discontinuity in 
the difference of the nickel and copper curves when this was plotted. 
The President’s remarks held, however, in the case of silver with either 
of the others. 

Mr. 8S. W. Smrra pointed out that bismuth was abnormal in that it 
contracts on melting. 

Dr. R. 8S. WitLows mentioned that the metals lead, tin, zinc and cad- 
mium, which had been shown to have no thermo-electric discontinuities 
at their melting points, happened to be those which, as Mathiessen had 
found, formed alloys with one another of which the specific resistance 
could be deduced from the percentage composition. He suggested that 
the discrepancy mentioned in the case of iron might possibly be due to 
the occurrence of some allotropic modification, in which case there was 
really a change in the substance, and it was unfair to extrapolate the 
thermo-electric diagram beyond the change point. 

Mr. DaRtrna, in reply, said he had no doubt that Mr. Campbell’s re- 
marks would hold if one could get out the proper thermo-electric dia- 
gram. Owing to the numerous little kinks which occur, very sensitive 
temperature measurements are required. If really accurate diagrams 
could be obtained it might then be possible to deduce the properties of 
any bismuth couple from those of one, as Mr. Campbell suggested. They 
had tried this in a few cases, however, but did not get good agreement. 
He did not know whether the peculiarity of bismuth which had been 
mentioned was related to the phenomena which they had described. 
Bismuth was a freak metal in many respects. He was unable at the 
moment to solve the difficulty raised by the President. Their aim had 
been, primarily, a practical one, and they had not gone as fully into 
points of that nature as might have been desired. 
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